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Deve10p1n9 a dedaratNe appr0ach t0 1nter0pera6111ty n the c0ntext 0f 
mu1t1data6a5e y~em5 15 a m~0r 90~ 0f th15 re5earch. We take a f1r5t ~ep 
t0ward th15 90~ 1n th15 pape~ 6y deve10p1n9 a ~mp1e 10~c c~d 5chema- 
L09 wh~h 15 5ynta~ h19he~0rder 6ut ha5 a f1r5~0rder 5emant1c5. 
5chemaL09 can pr0~de f0r 1nter0pera6111ty am0n9 mu1t1p1e rdat10n~ 
data6a5e5 1n a federat10n 0f data6a5e 5y5tem5. We deve10p a f1xp01nt 
the0ry f0r the def1n1te dau5e ffa9ment 0f 5chemaL09 and 5h0w ~5 e4uNa- 
1ence t0 the m0dd~he0ref1c 5emant~ We ~50 deve10p a 50und and 
c0mp1ete pr00f pr0cedure f0r a~ dau5~ the0r1e5. We e5ta61~h the c0rre- 
5p0ndence 6etween 5chemaL09 and f1r5t-0rder pred1cate c~cu1u5 and 
pr0~de a redu~10n 0f 5chemaL09 t0 pred1cate c~cu1u5. We pr0p05e an 
exten~0n t0 da~ re1at10na1 ~e6r~ capa61e 0f retr1ev1n9 and man1pu- 
1at1n9 data and 5chema fr0m data6a5e5 1n a mu1t1data6a5e y~em, and 
pr0ve 1t5 e4uN~ence t0 a f0rm 0f rdat10n~ c~cu1u5 1n5p1red 6y 5chema- 
L09 5yntax. We ~1u5trate the ~mp11c1~ and p0wer 0f 5chemaL09 w1th a 
var1ety 0f app1~at10n5 1nv0N1n9 data6a5e pr09ramm1n9 (w1th 5chema 
6r0w~n9), 5chema 1nte9rat10~ 5chema ev01ut10n, c00perat~e 4uery an- 
5wer1n9, and 50ph15t1cated f0rm5 0f a99re9at10n 1n the 5p1r1t 0f 0LAP 
(0n-L1ne Ana1yt1ca1 Pr0ce551n9L We ah0 h19h1~ht 0ur 1mp1ementat10n f 
5chemaL09 re~ed 0n a federat10n 0f 1N6RE5 data6a5e5. • E15e~er 
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1. 1N7R0DUC~10N 
7hc rap~ pr09rc55 ~ data6a5c 5y~cm5 rc5carch 0vcr the pa~ c0up1e 0f decade5 
ha5 re5u1~d 1n the cv0hf10n 0f d~e~c data6a5e nvff0nmen~ w1th data and 
app1~at10n pr09ram5 9cncr~cd 5pcdf1ca11y t0 each 0f thc5c cn~r0nmcn~, 6ut 
typ~a11y ~c0mpat1~c w1th 0ne an0theL 7h~ ha5 re5u~ed ~ an ~a6~ t0 5hare 
data and pr09ram5 acr055 thc ~ffcrent ~f0rm~ thc necd f0r wh~h ha5 6ec0me 
c0mpeH~ 7~5 m0t1v~c5 thc need f0r Mu#1data6a5e y5~m5 (MD85), capa6~ 0f 
0pcrat1n9 0ver a ~r16utcd netw0rk and cnc0mpa5~n9 a hc~r09cne0u5 m~ 0f 
c0mputcr~ 0pcrat1n9 5y~cm~ c0mmun~n hnk5, and 10cM d~a6a5c 5y~em9 
Mu1t~a6a5c 5y~em5 arc M50 re~ed t0 a5 Hc~r09cnc0u5 D~a6a5c 5y~cm5 
(HD85) and Fcdcratcd D~a6a5e 5y~cm5 (FD85) 6y ~ffcrcnt auth0r~ 7hc rcadcr 
~ rcfe~ed t0 [2] (1n pa~ar ,  5ce 5hcth and La~0n ~,  L1tw1n, Mar l  and 
R0u~0p0u105 [37]), H51a0 [19], and ~0] f0r 5urvey5 ~ thc f1c~. 
0nc 6a~c funct10n~1~ MD85 5h0~d ~ure  15 ~r0pera~11~. 1ntcr0pcra6~ 
can 6e dcf1ned a5 thc a6~1~ t0 u~f0rm1y 5ha~, ~rpret ,  and man~u~ 1nf0rm~ 
t10n acr055 c0mp0ncnt data6a5e5 1n an MD85. A1m0~ a11 a5pc~5 0f h~cr09cne1~ 
1n an MD85 (e.9., ~ data6a5e 5chcma5, data m0dc15, c0mmu~cat10n pr0t0c01~ 
4ucry pr0cc~1n~ c0nf1~cncy man~9cment, 5ccur1~ mana9cmcnt, c~.) ra~c chM- 
~n9c5 f0r 1ntcr0pcra6111ty. 0ur 0~ect1ve ~ th15 paper ~ t0 dcv~0p 1an9ua9c5 f0r 
fac11~9 1ntcr0pcra6~  an MD85. 1ntcract1n9 w1th data6a5c5 ~ an MD85 
ca115 f0r thc a6~1~ t0 4uery them ~ a manncr ~dcpcndcnt 0f thc d~crcpande5 ~ 
the1r ~ru~ure and data 5cmant1~. 1n th15 papeL wc f0cu5 0n th~ 4uc5t10n: h0w 
can 0ne ~ue~ c0mp0nent da~6a5~ 0f an MD85 wh~h 5~ 5emant1ca11y ~m11ar da~ 
u51n9 d1551m11ar 5chema• 
7hc appr0achc5 ~mptcd  50 far f0r 1nter0pcra6~ can 6c 6r0a~y da5~f1cd 
~t0 tw0:Appr0achc5 6a5ed 0n (~ a c0mm0n da~ m0del and (~) n0npr0cedura1 
~n9ua9e5. 1n thc f0~0w~9 wc 5urvcy rcpre5cntat1vc w0rk5 ~ 60th 0f thc5c 
appr0ache5. F0r a c0mprchen5~e 5urvcy 0f re1atcd 11tcr~ure, thc rcadcr 15 rc~cd 
t0 [3~ and [3]. 
C0MM0N DA7A M0DEL 7he data6a5e5 part1dpat1n9 1n the ~der~n are 
mapped t0 a C0mm0n data m0de1 (CDM) (5UCh a5 the 0~e~-0r1ented m0d~, that 
n~UrM~ mee~ the CDM re4U1rement5 1n term5 Cf r1Chne55 Cf m0d~9 p0We~ 
Wh~h ad5 a5 an ~rpr~er~ am0n9 them. 7he ~mf1ar1f1e5 1n the ~f0rm~n 
C0ntent5 0f the ~d1V1dUM data6a5e5 and the1r 5emanf1CM 1nter-re1at10n5h1p5 are 
CaptUred 1n the map~n95 t0 the CDM. 1n 5UCh a 5ett1n~ the U5er 4Ue~e5 the CDM 
U51n9 a CDM 1an9Ua9e, and U5Ua11y ha5 t0 6e aware 0f the CDM 5Chema. 1n a 
m0re 50p~5t1C~ed 5Cenar10, ~eW~ Wh~h C0rre5p0nd t0 the ~hema 0f the 
pa~1C1p~9 data6a5e5 are def1ned 0n the CDM, thU5 pr0~d~9 the U5er W1th a 
C0nVen~nt ~Uf10n that M1 the ~f0rm~n 5he 9~5 ~ fr0m her 0Wn data6a5e. 
(7h~ 15 Ca11ed t19ht C0Up11n9 [48].) 
A ~Can0~CM~ eXam~e 0f the CDM 6a5ed appr0ach ~ the Pe9a5U5 pr~e~ 0f 
Ahmed et M. ~]. Pe9a5U5 def1ne5 a C0mm0n 0~e~ m0de1 f0r Un1~1n9 the data 
m0d~5 0f the Under1y1n9 ~em5.  Lande~ and R05en6er9 U5e the fUnCt10n~ 
m0d~ 0f DAPLEX a5 ~he CDM 1n the1r MU1t16a5e pr~e~ [3~. Merma1d (7em~ 
t0n ~ M. ~)  U5e5 a r~af10nM CDM, and a110W5 0n~ f0r r~af10nM 1nter0pera6f1- 
1~ (w1th e~en5~n5 t0 ~dude text~ 7hu5 federat10n u5er5 may f0rm~e 4uer1e5 
u~n9 5QL. 
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7he m~0r pr0Nem a~0Nated w1th the appr0ache5 ~ th~ c~e90ry ~ the 
am0unt 0f human pa~1c1pat10n re4~ed f0r 06ta1n1n9 the CDM mapp~95. D~ 
nam~ chan9e5 ~ 5emant~5 0r the ~hema5 0f the ~d1v1duM data6a5e5 can M50 
~ad t0 reha~5 ~ the CDM (mapp~95) re4~r1n9 m~0r (and hence c0Mfy) human 
~mrvent10n. A150 ~ many ca5e~ aut0n0my re4ukement5 m19ht 1mp05e ~m~5 0n 
the ~f0rmat10n ava11a61e f0r c0n~ru~9 the CDM mapNn9~ 
1n recent w0rL Levy, 5rNa~av~ and K1rk ~5] pre5ent an arch~ecture f0r 4uery 
pr0ce5Nn9 ~ ~06M ~f0rmat10n 5y~em5. 7h~r appr0ach N 6a5ed 0n de5cr1pt10n 
10~ WN~ th~r framew0rk N m0re 9enerN than that 0f ~ad1t10nN MD85, many 
0f the 155ue5 they ~udy N50 ar15e 1n MD85 and the~ techn14ue5 are apN~aNe t0 
MD85. Fr0m thN pe~pe~Ne, the~ appr0ach ~ 6a5ed 0n mapNn9 the ••c0mp0- 
nent•• ~f0rm~n 5y~em5 10 a 50mN~d ••w0dd-v1ew,•• wh~h 15 Nmf1ar ~0 a CDM. 
Query 0pt1m~n 6e~9 the1r ma1n c0ncern, ~5ue5 5uch a5 ~hema 6r0w~n~ 
re~ru~ur1nN and data6a5e pr09ramm~9 are n0t addre55ed there. 
N0NPR0CEDURAL LAN6UA6E5. 7he 5eC0nd appr0ach f0r 1nter0pera6f11ty 1n- 
v0Ne5 def1n1n9 a 1an9ua9e that can M10w u5er5 t0 def1ne and man1pu1ate a 
c011ect10n 0f aut0n0m0u5 data6a5e5 1n a n0npr0cedurN wa~ 7hu5 a CDM, a5 
def1ned 1n the pre~0u5 ca5e N n0t re4u1red; the n0npr0cedurM Nn9ua9e 1n 50me 
5en5e p1ay5 the r01e 0f the CDM here. 7he m~0r advanta9e a~0Nated w1th th9 
appr0ach 15 the f1e~61h~ 5uch a 1005e c0up11n9 (~8) pr0~de5. 
L1tw1n, Mar l  and R0u550p0u105 ~7~ adv0cate that the c0ncept 0f an MD85 
1an9ua9e N cen~N t0 the n0t10n 0f an MD85 5y~em. 7hey ar9ue a9Nn~ a N06M 
1nterpretat10n (a5 06ta1ned 1n the CDM appr0ach~ and d15cu55 the mer1t5 0f a 
1an9ua9e M5QL (Mu1t1data6a5e-5QL) ~6~, an ex1en~0n 0f 5QL f0r 1nter0pera611- 
1ty am0n9 mu1t1p1e r~at10nN data6a5e~ 7he 5N~nt feature5 0f thN Nn9ua9e 
1ndude the a61h~ t0 retr1eve and update reNt10n5 1n d1fferent data6a5e5, def1ne 
mu1t1data6a5e ~ w~ and 5pe0fy c0mpat161e and e4uNMent d0mNn5 acr0~ d1ffe~ 
ent data6a5e5. 1n 413~ Ch0m~k1 and L1tw1n pr0p05e and extenN0n t0 05QL ~4~, 
a fun~10nM 0~e~-0r1ented 1an9ua9e. 7he Nn9ua9e ha5 c0n~ruc~ that are capa- 
61e 0f dedaratNe~ 5pedfy1n9 a 6r0ad da55 0f mapp1n95 acr055 mu1t1p1e 0~ect- 
0r1ented ata6a5e5. 7hey N50 5ketch the 0perat10nN 5emant~5 0f th15 1an9ua9e. 
M0re recent~, 5N0re, 51e9e1, and R05enthM [461 1n~0duce a the0ry 0f 5eman~c 
ca~e5 a5 a un~ 0f exchan9e that fa61~ate5 1nter0pera6111~. 7hey app~ thN the0ry 
0n the r~af10nM m0dd, and pr0p05e an extenN0n t0 5QL cM~d c0ntext-5QL 
(C5QL). F0r each a~r16ute 1n a 5chem~ C5QL pr0~de5 the capa6f1~1e5 f0r 
5peNfY1n9, and man1pu1at1n9 mem~tt~6ute5, that c0rre5p0nd t0 pr0pe~5 0f that 
a~r16ute. 7he5e meta-attr16ute5 pr0v1de the c0ntext 1nf0rmat10n f0r 1nter0pera611- 
1W am0n9 data6a5e5 1n an MD85. 
Lan9ua9e5 6a5ed 0n h~he60rder 10~c have 6een u5ed a5 a veh1c1e f0r 1nter0p- 
era6111ty. 7he undedf1n9 phf1050phy N that the 5chemat1c 1nf0rmat10n 5h0u1d 6e 
5er10u~y c0n51dered a5 pa~ 0f a data6a5e~ 1nf0rmat10n c0ntent. 7hu5 5uch 
appr0ache5 are e5peNM~ 5u~ed f0r hand11n9 5chema~c d15crepanc1e5 Q25~ c0m- 
m0n~ 0ccurr1n9 1n MD85. 7he5e appr0ache5 1nv0Ne def1n1n9 a h~he60rder 
10~cM Nn9ua9e that can expre55 4uer1e5 ranNn9 0ver the (meta-)1nf0rmat10n 
c0~e5p0nd1n9 t0 the ~d1v1duM data6a5e5 and the~ 5chema5. 7he m~0r advanta9e 
a~0Nated w1th 5uch appr0ache5 15 the dedarat1v1~ they derNe ~0m the~ 10~cM 
f0undat10n5. 
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Lefe6vre, 8ernu~ and 70p0r [34] u5e F4091c (K1fer et M. [21]L t0 pr0•de data 
mapp1n95 6etween 10ca1 data6a5e5 and an a~umed N06M data6a5e ~hat 15 an 
1nte9rated v1ew 0f the 10cM data6a5e5~ 7he mapp1n95 take care 0f the data a5 we11 
a5 the 5chema d15crepanc1e5 1n the 10ca1 data6a5e5. 6106a1 4uer1e5 are tran51ated 
1nt0 the 10ca1 0ne5 v1a a 4uery ~an~at10n M90r1thm a150 wf1~en 1n F-10Nc. 7he 
m~0r ~ren9th 0f th15 appr0ach 15 that u51n9 a dedaratNe med1um t0 pr0v1de 
mapp1n9 a5 we11 a5 4uery ~an~at~n ru1e5 he1p5 1n c0nc15ene5~ m0du1ar1~, and 
ma1ntenance. Kr15hnamu~hy and Na4v1 [26] pr0p05e a H0rn-dau5e 11ke 1an9ua9e 
that can ••ran9e 0ve~ 60th data and meta-data 6y a110w1n9 ~h19he~0rder~ var1- 
a61e5. Kr15hnamu~hy, L1tw1n, and Kent [25] extend th15 1an9ua9e and dem0n~ra~ 
1t5 capa6111ty f0r 1nter0pera6111ty. H0weveC they d0 n0t pr0v1de a f0rma1 m0d~- 
the0ret1c 0r pr00f-the0ret1c 5emantk5 f0r the1r 1an9ua9e, and the1r 1an9ua9e 15 n0t 
a fu11-f1ed9ed 10~c. 
An appr0ach that fa115 1n 6etween the a60ve tw0 da5f1f1cat10n5 15 the M(DM) 
m0de1 0f 8a~M0u and 6an90padhyay [7]. M(DM) dea15 w1th a 5et 0f metatype5 
that f0rmN~e data m0de1 c0n5truct5 1n 5ec0nd-0rder 109k. A data m0de1 15 hence 
a c01~10n 0f M(DM) metatype5. A 5chema 1n~ant1ate5 the5e metatype5 1nt0 a 5et 
0f f1r5~0rder type5. A data6a5e then c0n~5t5 0f 1n~ance5 0f the 5chema type5. 
M(DM)•5 meta~pe5 are 0r9an12ed 1nt0 an 1nher1tance 1a~ke ~ wh1ch pr0v1de5 
exten~6111ty. 
Appr0ache5 d15cu~ed 50 far 5uffer ~0m 0ne 0r m0re 0f the f0110w1n9 draw- 
6ack5. 1n 0rder t0 effe~1ve~ hand1e 5chemat1c d15crepanc1e5, the 5chema 1nf0rma- 
t10n 5h0u1d 6e ~ven pr1mary 9atu5 (N0n9 w1th va1ue5 appear1n9 1n the data6a5e5) 
wRh1n the 1an9ua9e. 7h15 funct10na11ty 5 1ack1n9 1n 50me 0f the a60ve appr0ache5 
(~6, 46~. 1n the5e appr0ache~ a5 there 15 n0 un1f0rm ~eatment 0f data and 
meta-dat~ 5chema 6r0wf1n9 and 5pedfy1n9 ~N9he~0rder mapp1n95•• w0u1d 6e 
1nc0nven1ent. Wh11e [34] make5 u5e 0f the h~he~0rder capa6111t1e5 0f F-1091c 1n 
un1f0rm~ man1pu1at1n9 data and 5chema, the1r appr0ach u5e5 F-10Nc pr1mar1~ f0r 
4uery tran~af10n and pr0~de5 an 5QL-6a5ed u5er 1nterface. 7h15 5evere~ 11m1~ 
the 5chema 6r0w51n9 capa6111t1e5 ~0m the u5er 1nterface. Appr0ache5 that 6a5e 
1nter0pera61f1ty 0n hkhe~0rder mapp1n95 am0n9 c0mp0nent data6a5e5 ~13, 34]) 
d0 n0t pr0~de 5upp0~ f0r ad h0c 4uer1e5 that refer t0 (and p0~16~ c0mpare) data 
and 5chema c0mp0nen~ 0f m~t1p~ data6a5e5 1n 0ne 5h0t. Reference5 [13] and 
[46] d0 n0t pr0~de a un1f0rm 5yntax f0r mu1t~ data6a5e5 1n a manner that 
N0~e5 0ver the1r 5chemat1c d15crepande5. 1n [~, a1th0u9h the c0m61nat10n 0f 
10~c, 0~e~ 0r1entat10n, and metapr09ramm1n9 9Ne5 much p0wer t0 the M(DM) 
m0dd, 1t5 5ec0nd-0rder nature ra15e5 4ue5t~n5 a60ut the p0~16H1ty 0f pra~kN 
1mp1ementat10n5 6a ed 0n th15 appr0ach. A150, 1t5 5emant1c5 1 4u1te c0mp1e~ 
1nter0pera6111ty am0n9 un5tru~ured 1nf0rmat10n 5y5tem5 15 an a~Ne area 0f 
current re5earch. 751MM15 ([10]) and HERME5 (~1~ are tw0 n0tew0nhy 5y~em5 
that have 6een 6u11t 0 fac11~ate ~ter0pera6111ty am0n9 heter09ene0u5 1nf0rmat10n 
50urce5 that are n0t nece~ar1~ ad1t10nN data6a5e5. Wh11e 0ur w0rk rep0~ed 
here c0u1d 6e naturN~ e~ended t0 5uch 5ett1n95, 1n th15 paper we c0nf1ne 0ur 
~udy t0 1nter0pera6~1~ 55ue5 am0n9 mu1t1p1e ~dat10nN) dam6a5e 5y~em5 and 
deve10p R5 10~cN f0undat10n5 6a5ed 0n a h~he~0rder 1091c a11ed 5chemaL09. 
~ 7he term "1att1ce•• u5ed here 15 n0t 1n 15 mathemat~M 5en5e; 1t 15 1005e1y u5ed 6y the auth0r5 t0 
put f0rth the~ 1dea5. 
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WHY 5CHEMAL06. We 6e11eVe that deC~rat1~1~ 15 a key re4U1rement f0r 1nter- 
0pera6111ty am0n9 c0mp0nent data6a5e5 1n an MD85. A 1091c 6a5ed appr0ach f0r 
1nter0pera61f1ty w0u1d 6r1n9 the advanta9e5 0f dear f0undat10n5, 0und f0rma115m, 
and pr00f pr0cedure5 thu5 pr0v1d1n9 f0r a tru~ dedarat~e en~r0nmenL C0nven- 
t10na1 data6a5e 4uery 1an9ua9e5 are 6a5ed 0n pred1cate ca1cu1u5 and are u5efu1 f0r 
4uery1n9 the data 1n a data6a5e. 8ut a5 5een a60ve, 1nter0pera61f1ty nece55Rate5 a 
funct10na11ty t0 4uery n0t 0n1y the data 1n a data6a5e 6ut a150 1t5 5chema 0r 
meta-dat~ 7h15 c~15 f0r a h19he~0rder 1an9ua9e wh1ch treat5 ~c0mp0nent~ 0f 
5uch meta-data 5 ••f1r5t da5~ ent1t1e5 1n 1t5 5emant~ ~ructure. 1n 5uch a 
ffamew0rL 4uer1e5 that man1pu1ate data a5 we11 a5 the1r 5chema ••1n the 5ame 
6reath•• c0u1d 6e natur~ f0rmu1ate~ H0weve~ 50me 0f the 1mp0~ant c0ncern5 
1n def19n1n9 an expre~e 1091c 1an9ua9e are the f0110w1n~ 7he 1an9ua9e 5h0u1d 
(1) 6e 50und and c0mp1et~ (11) 6e tracta61e 1n admRf1n9 51mp1e and eff1dent pr00f 
pr0cedure5 and an effect1ve 1mp1ementat10n, (111) enhance the expre5f1ve p0wer 
f19n1f1cant~ wh11e add1n9 rdat~e~ few f1mp1e c0n~ruct5 t0 f1r~-0rder 109~, and 
(1v) adm1t 4uer1e5 and pr09ram5 t0 6e expre55ed 1ntu1t~e~ and c0nd5e~. We 
6e11eve we have ach1eved the5e 90a15 w1th the de5~n 0f 5chemaL0~ 
C0N7~8U~0N5.  
• 1n th15 pape~ we deve10p the ~c~ f0und~n5 0f ~r0pera~11~ ~ MD85 
6a5ed 0n a h~he~0rder 10~c caned 5chemaL09. We ~0duce  5chemaL09 
1nf0rm~ w1th a m0t~at1n9 exam~e (5e~n D. 0ur 5yntax (5e~n 3.1) 
wa5 1n5p1red ~ pa~ 6y that 0f [26]. H0wever wh1~ they pr0~de n0 f0rm~ 
5emant1c5, we deve10p m0dd4he0ret1c (5e~n 3.~, f1xp01nt (5e~n 5.1L 
and pr00f- the0r~ (5e~n 5.2) 5emant1c5 f0r 5chemaL0~ 7hu5, u~1ke 
the1r 1an9ua9e, 5chemaL09 ~ a fu11-f1ed9ed 10~c. 8ef1de~ ~ch~c~ the 
~amew0rk devd0ped 6y u5 15 ~fferent ~0m that 0f [26]. 
• We pr0p05e a pr00f pr0cedure f0r fu11 dau5~ 5chemaL09 and 5h0w that ~ ~ 
50und and c0m~e (5e~n 5.D. 
• 5chemaL0~ 11ke H1L09 (Chen et a1. [1~L ~ 5yntact1c~ 9he~0rder 6ut 
5emant1ca11y f r~-0rde~ We ~ve a reduct10n 0f 5chemaL09 t0 f1r5~0rder 
pred~a~ c~c~u5 (5e~n 4). 7h15 reduct10n f1e1d5 the ~ch~c~ 6enef1~ 0f 
50undne~5, c0m~ene5~ and c0mpa~ne55 f0r 5chemaL0~ H0wever we 
ar9ue that f0r 1nter0pera6~1~, a c ru~ re4u~ement f0r a 4uery hn9ua9e ~ 
••5chema pre5erv~n~ (5ee 5e~n 4), and pr0ve that under t~5 re4u1re- 
ment 5chemaL09 ha5 a ~f1ct1y h~her expre~e p0wer than f1r5t-0rder 1091c. 
• We pr0p05e an extenf10n t0 da~ rdat10n~ 9e6r~ w~ch ~ capa~e 0f 
r~r1e~n9 and man~9 60th 5chema nd d~a 0f c0mp0nent d~a6a5e5 
~ an MD85. We ~50 e~a~h the e4u~ence  0f th15 ~9e6ra t0 a f0rm 0f 
reht10n~ c~c~u5 ~5~red 6y 5chemaL09 5yntax (5ect10n 6). 
• We ~1u~rate a num6er 0f ap~1c~n5 0f 5chemaL09 f0r pract1c~ pr0~em~ 
1n the f1e1d 0f MD85 a5 we11 a5 ~hema 6r0wf1n~ c00per~e 4uery an5wer- 
1n9, 5chema ev01ut10n and 1nte9r~n, and c0mput~n 0f p0werfu1 f0rm5 ~f 
a99re9at10n 6ey0nd the a6~1t1e5 0fc0nvent~n~ 1an9ua9e5 1~e 5QL. We ~50 
0ut11ne the p0~nt1~ 0f 5chemaL09 f0r pr0~d1n9 a the0r~ f0und~n f0r 
0LAP (0n-L1ne An~yt1ca1 Pr0ce~9) ,  current1y an act1ve area 0f re5earch 
w1th ~emend0u5 pra~ p0tent1~ (5e~n 
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We c0mp~e 5chemaL09 w1th pmv~u5~ pr0p0~d N9he>0rd~ Nm ~dud- 
1n9 F-~Nc and H~09 and 6r1n9 0ut 1t5 un~ue ~um5 (5e~n 8). We 
6r1ef1y h19hf19ht 0ur 1mNememat10n f a 5chemaL0D6a~d 1nt~0p~aNe 
5y5mm 0n a ~demt~n 0f 1N6RE5 data6a5e5 (5e~n ~. Nna11N we 
5ummar12e the paper and d~cu55 ~ture re5earch ~e~n 10). 
1n th~ pape9 we c0nf1ne 0u~eNe5 t0 the 1nter0pera6111ty pr061em 1n rdat10n~ 
data6a5e~ 0ur  eventu~ 0~e~e 15 t0 extend 5chemaL09 1nt0 a 1091c apa61e 0f 
pr0~d1n9 f0r 1nter0pera6111W am0n9 d1fferent data m0de~ (n0ta61y the 0~e~ 
0r1ented m0deD. 1n the re5t 0f the pape~ 6y a federat10n, we mean a c011ect10n f
re1at10na1 data6a5e5 that can 1nter0perate am0n9 them5eNe~ 
2. 5CHEMAL06 8Y EXAMPLE 
1n th15 5e~10n, we 1nW0duce thc 5yntax and 1ntu1t1ve 5emant~5 0f 0ur pr0p05ed 
1an9ua9e 1nf0rm~ •a an examp1e. We w111 f0110w 1t w1th a f0rm~ acc0unt 0f the 
5yntax and 5emant~5 1n the next 5ect10n. 
Examp1e 2 1. C0nf1der a federat10n 0f un1verf1ty data6a5e5 c0nt5t1n9 0f re1at10na1 
data6a5e5 unN~A, un1v•8, and un1v•C c0rre5p0nd1n9 t0 un1verf1t1e5 A, 8, and C. 
Each data6a5e ma1nta1n5 1nf0rmat10n 0n the un1verf1ty~5 depanment~ aff, and 
the~ avera9e 5a1ary (5ee F19ure 1). 
7he un1v~4 data6a5e ha5 a 51n91e re1at10n pay•1nf0 wh1ch ha5 0ne tup1e f0r 
each department and each cate90ry 1n that department. 7he data6a5e un1v•8 a150 
ha5 a t1n91e re1at10n, (a150 pay~1nf0~ 6ut 1n th15 ca5e, department ame5 appear a5 
aUf16ute name5 and the va1ue5 c0rre5p0nd1n9 t0 them are the avera9e 5a1ar1e~ 
un1v•C ha5 a5 many re1at10n5 a5 there are depanmen~, and ha5 tup1e5 c0rre5p0nd- 
1n9 t0 each cate90ry and 1t5 avera9e 5a1ary 1n each 0f the dep~ re1at10n5. 
un1v-A 
pay~n~ 
cate~0ry dep2 av~-5a1 
Pr0f c5 70,000 
A550c Pr0f c5 60,000 
5ecretary c5 35,000 
Pr0f Math 65,000 
un1v-8 
pa~ 
ca~e90ry c5 Ma~h 
Pr0f 80,000 65,000 
A55~t Pr0f 45,000 42,000 
A550 Pr0 f  65,000 55,000 
un1v-C 
C5 
ca~e~0ry ~v~-5a~ 
Pr0f 65,000 
A55~t Pr0f 40,000 
ece 
ca~e90ry av9-5a1 
5ecretary 30,000 
Pr0f 70,000 
F16URE 1. Un1ver~ty data6a5e5. 
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7he he~r09en~ ~ the5e ~pr~em~n5 ~ e~dent fr0m the exam~ef1 7he 
at0m~ v~ue5 0f un~,4  (dep~5) appear a5 a~f16ute name5 ~ un~8 and a5 
re1at10n ame5 ~ un~C.  7he u5er 0f 0ne 0f the5e data6a5e5 may need t0 ~m~ 
w1th the 0ther data6a5e5 1n the c0~ext 0f the ~d~at10n 0f unNer~f1e5. We w0u1d 
1~e (f0r the u5er) t0 6e a~e t0 exp~ 4uer1e5 uch a5 the f0110w1n9. 
(Q1) ~Wh~h are the depa~men~ that have an avera9e 5~a~ a60ve $45K 1n ~1 
the three u~ver~f1~ r  any 9Nen c~e90~ 
(Q2) ••L15t f1mf1ar depa~mem5 ~ un••8 and un••C that have ~e 5ame 
avera9e 5~a~ ~r  f1mf1ar c~e90r1~ 0f ~a~ 
Each data6a5e 15 made 0f rdaf10n~ and each rd~n 15 made 0f m~,  w~ch are 
~ncf10n5 map~n9 a~r16ute5 t0 v~ue~ 1dent1f1c~n 0f the 5et 0f m~e5 wh1ch 
c0n5t1tute a re1at10n c0dd 6e acc0m~hed 6y a~0daf1n9 ~ ~  w1th them. 
N0w the 4ue~ Q1 can 6e expre55ed 1n 5chemaL09 a5:3 
•--un••A :: pay~1nf0[ ~ : dept ~ D , cate90~  C, a~9~5~ 5~ ], 
un~8 :: pay•1nf0[ 72: cate90~  C, D ~ 5~], D ~ ~cate90~, 
un~C :: D[73: cate90~  C, a~9~5~ 53] , 51 > 45 K, 52 > 45K, 53 > 45K 
and 4ue~ Q2 can 6e expre55ed a5: 
~--un1~8 ::pay~1nf0[ ~ : ~ate90~ C, D ~ 5], D ~ ~cate90~, 
un~C :: D[ 7~ : cate90~  C, av9-~ ~ 5]. 
N0t1ce that ~ 4ue~ Q~, var1aMe D ran9e5 0ver d0m~n vMue5 a5 we11 a5 a~f16ute 
and r~m~n nam~. 1t 15 th15 f1e~6~ w~ch make5 5uch a 4ue~1n9 med~m ~9h~ 
exp~Ne and dedarat1ve. 7he var1aMe5 ~ ~m~Ne~ 5tand ~r  the m~e-1d~ 
c0rre5p0nd1n9 t0 the m~e5 ~ the r~m~n~ 
1n 4uer1e5 Q~ and Q2, the var1aMe D 15 exp11c1t~ c0mp~ed w1th the a~f16ute 
cate90~ whenever D 0ccur5 ~ a p0~f10n w~ch ran9e5 0ver a~r16ute~ 7hu5 an 
exp11c1t c0mpar150n 15 re4u1red, u~e55 ~ 15 kn0wn, e.9., that there 15 n0 re1at10n 
cM~d cate90~ ~ un~C.  
3. 5CHEMAt06- -5~7AX AND ~MAN71C5 
1n th15 5ect10n we ~rm~y pre5ent he ~nt~ and ~mant1~ 0f 0ur 1an9ua9e. 
5yntax 
We u5e ~dn95 ~a~n9 ~th  a 10wer ca5e 1etter ~r  c0n5tant5 and th05e ~a~1n9 
~th  an upper ca5e 1etter ~r  var1a~e~ A5 a ~ed~ ca5e, we u5e ~ t0 den0te 
ar61~a~ term5 0f the 1an9ua9e. ~, ~ .... den0te a~a~ wd~rmed ~rm~ 
and ~8, . . .  den0te the ar61~a~ 0m5. 
2 We are ~n9 a ~m~ed verf10n 0f the pr0Nem 6y ~5um~9 the "name9~ 6e the 5ame acr055 
the data6a5e~ 1n re~ t~5 ~t  n~ 6e 50; e~,  ~ 1n 0ne d ~ e ~ d ~  m~ht c0~e5p0nd t0
~ a ~ ,  ~ an0the~ 8m t~5 ~5ue can 6e 5uppre55ed ~ ~0m ~55 0f ~ r ~  a5 5uch ••name 
ma~9~e~16~a~1~5r~7~0~t~a~7~;~f1t1~ r~e5. Here, we ma1~y ~cu5 0n the ~m1f10n 
6eh~d the ~t~ 0f ~ m a ~  
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7he v0ca6u1ary 0f the 1an9ua9e ~ 0f 5chemaL09 c0n~5 0f p~rw15e d1~01nt 
c0unta61e 5e~ ~ (0f funct10n 5ym601~, 5 ~ (0f n0n-fun~10n 5ym6015), ~ (0f 
vaf1a61e~, and the u5ua1 10~c~ c0nne~e5 ~,  v ,  m, ~, and V. 
Every 5ym601 1n 5 ~  15 a term 0f the 1an9ua9e. 1f f~f f  ~ an n-p1ace 
fun~10n 5ym601, and t~ . . . . .  t~ are term~ then f(t~ . . . . .  ~)  15 a term. 
An at0rn~ f0rmu~ 0f 5~ 15 an expre5~0n 0f 0ne 0f the f0H0w1n9 f0rm5: 
(d6) :: (re1)[(t1d): (attr)  -~ (v~)]  
(d6) :: (re1)[(attr)] 
(d6) :: ( red  
<d6>, 
where <d6), (reD, <at~), <t1d), and <va1> are term5 0f ~ .  Examp~ 3.1 H1u5trate5 
the 1ntuRNe mean1n9 0f th15 5yntax. 1n an at0m 0f the f0rm <d6> :: <r~<f1d>: 
<attr> --, <vN>~ we refer t0 the term5 <d6>, <reD, <attr>, and <vN> a5 the n0n~d 
c0mp0nen~ and <t1d> a5 the 1d c0mp0nen~ 7he 1d c0mp0nent 1ntu1t1ve~ and5 f0r 
tup1e-1d (t1d). 7he depth 0f an at0m~ f0rmu1a A, den0ted depth(A), 15 the num6er 
0f n0n4d c0mp0nent5 1n A. 7he depth5 0f the f0ur cate90r1e5 0f at0m5 1ntr0duced 
a60ve are 4, 3, 2, and 1 re5pe~Ne~. 8y 0ur def1n~10n 0f at0m~ an 1d c0mp0nent 
appea~ 0n~ 1n at0m5 0f depth 4. 7he we11-f0rmed f0rmu1a5 (wfF~ 0f 5¢• are 
def1ned a5 u5ua1: every at0m 15 a wff; ~ ~,  5~ v~,  5¢ A~,  (~X)5¢, and (VX)5~ are 
wfF5 0f ~ whenever 0~ and ~ are wfF5 and X 15 a var1a6~. 
We N50 permR m01ecu1ar f0rmu1a5 0f the f0rm 
(d6) :: (re1>[(t1d): (a t~)  -~ (va1~> . . . . .  (a t~)  ~ (vM~)] 
a5 an a66re~at10n 0f the c0rre5p0nd1n9 we11-f0rmed f0rmu1a 
<d6) :: (re1)[<t1d): <at~ 1) -~ <v~ 1 >] ~ -. .  ~ <d6):: <re1>[(t1d): (attr~) ~ (va1~>1. 
1n 5p1r1~ th15 15 ~mf1ar t0 the mdecu1e5 1n F-10~c ~1]. 
A ~ra1 15 an at0m 0r the ne9at10n 0f an at0m. A c~u5e 15 a f0rmu1a 0f the 
f0rm VX 1 ... VX~(L~ v ... v L~) where each L~ 15 a hterM and X~ .. . .  , X~ are M1 
the var1a61e5 0ccurr1n9 1n L~ v .-. v L~. A def1n1~ c~u5e ~ a dau5e 1n wh~h 0ne 
p0~tNe hterM 15 pre5ent and 1t 15 repre5ented a5 A ~- 81  . . . . .  8 n where A 15 cM1ed 
the head and 8~ . . . . .  8,, 15 cM1ed the 60dy 0f the def1n1te dau5e. A un~ c~u5e ~ a 
dau5e 0f the f0rm A ~-, that 15 a def1n~e dau5e w1th an empty 60dy. 
Examp~ ~1. 7he m01ecu1e un1v~8 ::pay•1nf0[7: cate90rY ~ C, D -~ 45K] 1n the 
c0ntext 0f the un1ver51ty federat10n a55ert5 the fact that data6a5e un1~8 ha5 a 
re1at10n pay•1nf0 wh1ch ha5 an attr16ute cate90rY and an aRr16ute that c0nta1n5 f0r 
50me tup1e, a va1ue 45K. 
~2 5eman~c5 
Let U 6e a n0mempty 5et 0f e~ment5 ca11ed ~n5~n5 ~0~e5p0nd~9 m the 
term5 0f ~) .  C0n~der a funct10n ~ that map5 each n0n- fun~n ~m601 t0 1~ 
c0~e5p0n~n9 ~n~0n 1n U and fun~n ~u,  wh1ch ~rpre~ the fun~n 
~m6~5 a5 fun~n5 0ver U. 7he true at0m5 0f the m0de1 are captured u5~9 a 
funct10n ~- wMch take5 a5 ar9umen~ the name 0f the data6a5e, the re1at10n ame, 
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aRf16ute name, and m ~ ,  and map5 t0 a c0rre5p0nd1n9 ~dMdu~ va1ue. 7hu5 
~r  a ~ven ~0m~ ~rm~a t0 6e true, the ~n~n ~ ~ ~ 1 ~  t0 the ~rm~a 
(a~er map~n9 the ~m6~5 0f the ~rm~a t0 the1r c0rre5p0nd1n9 ~nf10n~ 
5h0~d 6e def1ned 1n the 5tructure (and the va1ue5 5h0u1d m~chL 
A 5 ~  ~m~u~ M ~r 0ur 1an9ua9e 15 a tup1e ( ~ , , ~  where 
• U 15 a n0n~mp~ 5et 0f 1menf10n~ 
• ~ ~ U 15 a ~n~10n that a~0~ate5 an dement  0f U ~th  each ~m601 
1n ~;  
• ~, ( f~  U ~ ~ ~ where f 15 a ~n~n ~m601 0f af1~ n 1n ~. 
• ~ U~ [U~ [U~ [U~ U]~, where [A ~8]  den0te5 the 5et 0f a11 pa~1~ 
~ n ~  fr0m A t0 8. 
70 111u5trate the r01e 0f ~ c0nf1der the at0m d :: r. F0r th15 at0m t0 6e true, 
~(d~r~ 5h0u1d 6e def1ned 1n M. ~m~a~ ~r  the at0m d::r[t: a ~ ~,] 
t0 6e true, ~(~(d~(r~(a~(t~ 5h0u1d 6e def1ned 1n M and 
~(~(  d~(  r ~(  a~(  t ~ =~(e~ 
A ~ ~ar1~1e ~5~nme~ ~n~n)  15 a ~n~10n u: ~ ~ We extend 1t t0 the 
5et ~0f  term5 a5 ~1~w~ 
• u(5) =~(5)  ~r  eve~ 5 ~ 
• u (~t  1 . . . . .  ~) )=~( f~u( t~L  . . . .  u(~)L where f 15 a ~n~n ~m601 0f 
af1~ k 1n ff and t~ are ~rm5. 
Let t~ ~ 6e any term. 7he ~t~h~n 0f an a~m~ ~rmuh A, 1n a 5tructure 
M under a vaf u, 15 def1ned a5 ~H0w~ 
• Let A 6e 0 f the  ~rm t~. 7hen M~,  A 1 f f~u( t~) )  15 def1ned 1n M. 
• ~t  A 6e 0 f the  ~rm t~ ::t 2. 7hen M~ A 1 f f~u( t~)~u( t2) )  15def1ned 1n 
M. 
• ~t  A 6e 0 f the  ~rm t~ : : t2[ /3] .  7hen M~ A 1 f f ~ t ~ ~ 6 D  15 
def1ned 1n M. 
• Let A 6e 0f the ~rm t~ :: t2[t~: t 3 ~ t5]. 7hen M ~, A 1ff 
~(  ~( t~ ))( u( t2) )( u( t3) )( u( ~ ) ) 
15 def1ned 1n ~ and 
~(~(t~))(~(t2))(u(13))(~(t4)  ) = ~(~). 
5 ~ n  0f c0mp0und ~rm~ 15 def1ned 1n the u5ua1 way: 
• M~(~v~)1f fM~0rM~ ~;  
• M~ (~)  1f M~ ~ 
• M~ (8X~ 1ff ~r  50me vaf ~, that m~ p05M~y d1~r  ff0m u 0n~ 0n X, 
M~ ~.  
F0r d05ed ~a5,  M ~ ~ d0e5 n0t depend 0n u and we can 51mp~ wr1te 
M~.  
8e~re  d05~9 t~5 5e~ we n0te that 6u~t-1n pred~a~5 (=,  ~,  ~,  etc.) can 
6e 1ntr0duced and ~re~d 1n ~ma~9 1n the u5ua1 manner. We 5ha11 free1y 
make u5e 0f 6uHt4n pred~ate5 1n 0ur exam~e~ 
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7he r1cher Wntax 0f 5chemaL09 may ra15e 4ue~10n5 a60ut 1t5 ax10mat12a6111~ and
hence 1t5 p~e~h1 ~r  6e1n9 1m~emen~d a5a v1a61e med~m ~r  MD85 ~r0pe~ 
a~11~. 1n th15 5e~n,  we pr0ve that eveU 5chemaL09 ~rmda can 6e enc0ded ~ 
pm~cae ca1cu1u~ ~ an e4uN~ence pr~e~1n9 mann~. 7h9 w111 5h0w that 
5chemaL09 1nher1t5 many 0f the de51ra61e pr0pe~5 0f f1r5t-0rder 10~< wh11e 
0ffer1n9 the c0nven~nce 0f a ~9heP0rd~ ntax. 
5¥~7Ax. We def1ne a 1an9ua9e ~f0t that 15 der~ed ff0m the 5chemaL09 
1an9ua9e •9•. -~f01 c0n~5t5 0f the 5et 5 ~ 0f 1091c~ 5ym6015, var1a61e5 ~,  the 
funct10n 5ym6015 9~, and un14ue pred~ate 5ym6015 ca~, ca~ 2, ca~3, and ca114. 
5 ~, :~ and ff c0rre5p0nd t0 th05e 1n .~. 
6Nen a 5chemaL09 f0rmu1a a¢•, 1t5 enc0d1n9 1n pred~ate c~cu1u5 a¢* 15 
determ1ned 6y the recur~ve ~an5f0rmat10n ru1e5 9Nen 6d0w. 1n th~ d~cu5~0n, 
5~ ~ ~,  f ~ ,  t, ~6, tre1, t~,,~, t1d, tca 1 ~, ,  the 5et 0f term~ and ~¢,~ are any 
f0rmu1a5. 
enc0de(5) = 5 
enc0de(f)  =f  
enc0de(f( t1 . . . . .  t n)) = enc0de(f)  (enc0de(/~) . . . . .  enc0de(6))  
enc0de~d 6 :: tret[ t,m : t~,,~ -~ t,.~3 ) = ca11a(enc0de(~6), enc0de(tre1), enc0de(~) ,  
enc0de( t~tt~ ) , enc0de(t~at) ) 
enc0de(6~:: tre, [ 6 ~ ]) = ca113 ( enc0de( ~ ), enc0de( tre ,), enc0de(~,~r) ) 
enc0de(~ ::~et) = caH2(enc°de(~) ,  enc°de(Let)) 
enc0de(td~) = caH~ ( enc0de (td~) )
enc0de(~V~)  = enc0de(~¢~) V enc0de(.~) 
enc0de(~e~A~) = enc0de(~¢) A enc0de( ~ ~) 
enc0de( ~ ~)  = ~ enc0de(.~) 
enc0de(~ )  = enc0de(~) -~ enc0de(~)  
enc0de( (QX)~)  = (QX)enc0de(~¢), where Q ~ eRher 8 0r V. 
(~f 1nterpret5 funct10n 5ym6015 0f ~f0t a5 funct10n5 0f appr0pr1ate ar1ty 0ver U. 
~ 1nterpret5 the pred1cate 5ym6015 0f .9~1-0~ a5 re1at10n5 0f appr0pr1ate af1ty 
0ver U. N0te that the 1091ca1 5ym6015 ~5 ~ are funct10n 5ym60~ 0f ar1ty 03 
~(5)  =ae1 J (5 ) ,  f0r each 5 ~5 ~. 
~.(  f )( u 1 . . . . .  u.)  =def ~fun( f ) (  H1 ~ ~ ~ Rn)~ 
f0r each f~9~ 0f af1ty n, and u~ . . . . .  u. ~ U. 
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7he ca~ 1 p~d~a~5 0f -~f01 are ~ ~ d  1n the ~ 1 ~  w~:  
Let d,r,t,a,~ ~ ~ 
(d,r , t ,a ,C)  ~p(Ca~4) 1ff~-(d)(r)(t)(a) 15 def1ned 1n M~, 
and ~(  d)( r)( t)( a) = ~. 
(d,r ,a)  ~ , (  ca113) 1ff 0~r( d)( r)( a) ~def1ned1n M 5. 
(d,r)  ~,(ca112) 1ff~--(d)(r) 15 def1ned 1n M 5. 
(d) ~p(caf1~) 1f f~(d)  15 def1ned 1n M 5. 
A var1a61e a5519nment ~ 15 a fun~10n ~0m the var1a61e5 0f -~01 t0 the un~e~e U. 
~ 15 extended t0 the 5et ~Y-0f term5, an~090u~y t0 the way 1t ~ d0ne 1n 5ect10n 3.2. 
7hen, the truth 0f a w~f0rmed f0rmu1a ~,  w1th var1a61e a5~9nment ~ 1n 
5tructure M~01 5 def1ned a5 f0110w~ 
1. 1f .~ 15 an at0m~ f0rmu1a 0f the f0rm ca114(td6,6e1, t,d, ta~tr,t~a1~ where 
~6,tre1,~m,tattr, tea1 are term5 0f -~y01 and u N a Vaf, then M~0t~ 
Ca~ 4( t d~, 6e1, ~d~ t attr• t ,,a1) 1ff 
(u (~) ,  ~( 6et), ~( tt1a), ~( ta,~), u( tea,)) ~p(  ca114)~ 
(51mf1ad~ f0r at0m5 0f depth < 4). 
2. 1f ~¢ 15 a wff ~v01v1n9 c0nnect1ve5 and/0r  4uanf1f1e~, 1t5 5af15fa~n ~ 
def1ned 1n the u5u~ ~du~e manne~ 
7he0rem ~1. (Enc0d1n9 7he0rem). Let ~¢ 6e a 5chemaL09 5tructure, M~ 6e a 
5chemaL09 5tructure, and ~ a ~af. Let enc0de(~) 6e the f1r5t-0rder f0rmu~ 
c0~e5p0nd1n9 t0 e9 and enc0de( M 5) 6e the c0~e5p0nd1n9 5tructure f0r the f1r5t-0rder 
~n9ua9e ~f01. 7hen, M~ ~ ~ 59 1ff enc0de( M 5) ~ enc0de(x¢). 
PR00~ Let M 5 = (U,~,~f,~,~ r) 6e the 5chemaL09 5tructure. Let enc0de(M 5) 6e 
the 5tructure M~01 = (U,~,~p) .  We 5ha11 5h0w 6y 1ndu~10n 0n the ~ru~ure 0f 
the f0rmu1a5 ~¢ 0f .~ that M~ ~ ~ 1ff M~01 ~ enc0de(~¢L 
8a5e ca5e. ~" 15 an at0m. Actua11y, there are f0ur ca5e5 t0 c0nf1deL depend1n9 0n 
the depth 0f the at0m. We 5ha11 91ve the pr00f f0r the ca5e when depth ~ 4. 7he 
pr00f f0r at0m5 0f depth 1e55 than f0ur ~ ana1090u~ Let ~¢ 6e the at0m 
1d6 :: t re1[~:  tattr --~ tea1] , where ta6, 6~, ~1a, tattr, tva1 are term5 0f 5 ~. N0w, M 5 ~ 
td6 :: tre1[tt1d : ~ttr ~ t~a1]~ 1ff 0~- (P ( td6)~P( t re1)~( t t1d)~( ta t t r ) )  ~ def1ned 1n M 5, and 
~-(P( td6) ) (P ( t re1) ) (P (~) ) (P ( ta t t r ) )  = P( tva1)  , 1ff (P ( td6)  , P(tre1) , ~(t t1d)  ,
~(t,~,~ (~) )  ~p(ca114~ 1ff M:01 ~ ca114(ta~, 6et, ~1a, t,,t~, t,~1~ 1ff My0t ~ 
enc0de(~¢). 
1nduct10n. 5upp05e ~¢ ~ a c0mp0und f0rmu1a 1nv01v1n9 c0nnect1ve5 and/0r  4uant1- 
t1er5. We 5h~1 1nd1cate the pr00f f0r 0ne ca5e; the rem~n1n9 ca5e5 w1~ f0H0w 
an~090u~y. 
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Let ~v~ 6e 0f the ~rm ~ v ~ where .~ and ~ are ~6Rm~ 5chemaL09 
~rm~.  
M~ ~ V ~ M ~  ~0rM~ 
~ M~0 ~ ~ ene0de(~)  0r M~0 , ~ enc0de(~) 
(enc0de(   
enc0ae(  v 
~ M~0 , ~ enc0de(~).  ~ 
Fmm 7he0~m 4.1, w1~ ~mNe ~duct10n, ~ ~0w5 th~ eve~ 5chema~9 
pm~am P can 6e enc0ded 1nt0 a f1r~-0rder ~91c pr0~am enc0de(P) 5uch that ~r  
eve~ 5chema~9 5tructure M1~, P map5 M1~ t0 an 0utput ~m~ure M0~ t 1ff 
enc0de(P) map5 enc0de(M1~) m enc0de(M0,~). 1n ~mNe w0rd~ tN5 mean5 that ~r  
a11 mapp~ 6e~een 5chemaL09 5tructure5 expre5~61e 6y 5chema~9 pr0~am5 
there e~ c0rre5p0nd1n9 ~an5~rm~n5 0n the enc0d~ 0f the 5chema~9 
~m~ur~,  wh~h are exp~161e a5 f1r5t-0rder ~Nc pr0~am~ 7hu5, Wch~ca11y 
5chema~9 ha5 n0 m0re expre5Nve p0wer than f1r560rder 10~c a5 a data6a5e 
pr09mmm~9 1an9ua9e. A5 a c0n5e4uence 0f the f1r560rder ~mant1c5, the ~5M~ 
0f ~0mat12aNf1~, dedda6111~, and c0mpa~n~5 ~ue ~r  5chema~ 
D~CU5510N 0N EXPRE551VE P0WER. 7he re5U1~ 0f the preced1n9 5e~10n 1nd1- 
cate that 5chemaL09 ha5 n0 m0re expre~Ne p0wer than f1~60rder 10~c, 1n ~ew 
0f the fact that the f0rmer can 6e ~mu1ated 1n the 1a~er. 7h15 raNe5 the 4ue5t10n: 
What 900d N 5chemaL09 ~ 1t d0e5 n0t ~e1d a h~her expre~Ne p0wer than 
f1r~-0rder 10~c~ 70 under~and th~ 4ue~10n 1n pe~pect1ve, n0te that the Nmu1a- 
f10n 0f 5chemaL09 1n f1r5t-0rder 10~c c rud~ re1~5 0n the a~umpt10n that a 
federat10n 0f c0nvent10n~ data6a5e5 15ava11a6~ 1n reducedf0rm, 1.e. 1n the f0rm 0f 
the f0ur ca~ re1at10n5--caH~, ca11~, ca113, ca~ 4 ~ee the pr00f 0f 7he0rem 4.1). 7he 
~4uNMence 1n expre551ve p0wer 6etween f1r~-0rder 10Nc and 5chemaL09 thu5 
h01d5 0n~ when the f0rmer 15 ~ven data6a5e5 1n reduced f0rm a5 1nput, wh11e the 
1atter N u5ed a9~n9 data6a5e5 1n c0nvent10nM f0rm. 7hu5, n0t~e that the 
51mu~d and ~mu~n9 1an9ua9e5 d0 n0t take the 5ame federat10n 0f data6a5e5 
a5 1nput, a1th0u9h the 1nput5 are e4u~a~nt. 
R055 [45] addre55e5 a Nmf1ar 155ue 1n the c0ntext 0f an N9e6ra he pr0p05e5 f0r 
H1L09 and 1n~0duce5 the n0t10n 0f a ~0n pre5erv1n9 ~mu~0n.  He def1ne5 a
Nmu1at10n t0 6e re1at10n pre5erv1n9, ~ the 51mu1ated a5 weH a5 the 51mu1at1n9 
f0rm~Nm5 0perate 0n the 5ame data6a5e. 1n the c0ntext 0f 1nter0pera6111ty, we can 
extend th15 n0t10n t0 the 1eve1 0f a federat10n and 5peak 0f Nmu1at10n5 that 
pre5erve 5chema5. 
Def1n1t~n ~1. Let 2: ~n ~,,u~ 6e a ~an5f0rmaf10n 6etween a da55 0f 1nput and 
0utput ~ance5,  and L 6e any 10~c 1an9ua9e. We 5ay that a pr09ram P ~ L 
exp~ ~ pr0~ded V1 ~ ~,  P(1) = 2(1). 
Def1n1t10n ~2 (5chema pre5erv1n9 ~mu1at10n). A 1an9ua9e L can 6e ~mu~Wd 1n a 
5chema pre5erv1n9 manner 1n an0ther 1an9ua9e L• pr0v1ded f0r every pr09ram P 
1n L that expre55e5 a ~an5f0rmaf10n r: ~71,, ~0, t ,  there 15 a pr09ram P•1n L• 
that expre55e5 r. 
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A crud~ p0~t t0 065erve 1n the a60ve def1Mt10n ~ that pr09ram5 ~ 60th the 
~m~ed (L) and ~m~at1n9 (L•) 1an9ua9e5 man~M~e ~put ~ance5 w1th 
1dent1ca15chema5 (and hence 1dent1c~ d~a). 7h~ 15 t0 6e c0ntra~ed w1th the ~nd 
0f ~m~at10n enta11ed 6y 7he0rem 4.1, where 5chemaL09 pr09ram5 man~e 
r~at10n~ data6a5e5 1n the~ c0nvent10na1 f0rm, wh11e the ~mM~9 f1~0rder 
M~c Pr09ram5 maMp~e the enc0ded ver~0n5 0f the5e d~a6a5e~ w~ch deaf1y 
have a ~fferent 5chema. 
7he the0ret1cM m0tNaf10n f0r 5chema pre5ervat10n ar15e5 fr0m the h~ that ff 
the data6a5e5 ~ the ~deratMn are enc0ded ar6~rar1~ f0r the purp05e 0f ~mM~ 
t10n, u5efu1 ~f0rm~Mn 5uch a5 n0rmM f0rm5 and 1nte9f1W c0n~r~n~ w0Md 6e 
M5t. 7h15 15 cen~My the ca5e w1th the reduced f0rm enc0d~9 u5ed ~ the pr00f 0f 
7he0rem 4.1. Fr0m a pract1c~ pe~pect1ve, 6ecau5e 0f aut0n0my re4uffement5 and 
M50 due t0 the pr0~t1ve c05t 1nv0Ned, enc0d1n9 the data6a5e5 1n a ~der~n 
~t0 reduced f0rm 15 ~a5161e. Wh11e 7he0rem 4.1 d0e5 n0t f1e1d a ~hema 
pre5erv1n9 ~ m ~  1t d0e5 n0t ~m6115h t at ~0 5uch ~m~at10n 15p0~161e. 7he 
f01Mw1n9 the0rem 5etf1e5 th15 155ue w1th f1n~1W. 
7he0~m ~2 F1r5~0rder 1091c ann~ ~mu~ 5chemaL09 ~ a ~hema pre5e~1n9 
mann~.  
Pn00E C0n~der the 5chemaL09 pr09~m P: 
d6~::re1~[X~V] ~ d~: :m[a  ~X,  ~ ~r ] .  
C1eaf1~ P 9enerate5 a re1at10n wh05e w1dth ~ depende~ 0n the data 1n ~L 0n the 
0ther hand, eve~ re1at10na1 M9e6r~c 0per~0r pr0duce5 an 0u~ut w1th a ~hema 
that 15 d~a4ndepende~. 8y ~du~M~ any f1~t-0rder 10~c pr09ram ha5 th15 
pr0perW and hence the tran5~rmat10n expre55ed 6y P cann0t 6e expre55ed 6y any 
f1r5~0rder M~c pr09mm. [] 
7he0~m 4.2 m9e~er w1th 7he0~m 4.1, 1m~5 that f1~t-0rder 10~c cann0t 
expre~ the map~n9 6etween a c0nvent10nM data6a5e and R5 reduced ~rm. 0n 
the 0ther hand, 5chemaL09 can rea~ expre55 t~5 and m0re p0werfu1 ~rm5 0f 
~m~u~n9 0f data6a5e5 (M50 5ee 5e~Mn 7.2). 1n ~ew 0f the a60ve d~cu5~0n~ 
we ~e th~ ~hema p ~ M n  15 an e~ent1M pract1ca1 ~4M~mem ~r  4ue~ 
1an9ua9e5 ~r  ~ter0p~a6111W. e c0nc~de ~at under the ~4u1rement 0f 5chema 
p~mat10n, 5chemaL09 ha5 a 5t~ct1y h19h~ expre551ve p0wer than f1r5t~rder 1091c. 
A5 a f1n~ n0te, we ~m~k that a 1an9ua9e w1th h19her expre5~ve p0wer under 
the ~4~me~ 0f ~hema pr~e~at10n, 1ead5 t0 4uer1e5 ~ the ch05en ap~at10n 
d0mMn wh1ch are m0re natur~ and c0nd5e c0mpa~d t0 the 1an9ua9e wh~h can 
0n~ ~m~e the ~rmer ~a enc0d1n95 that d0 n0t p~e ~hem~. 
5. PR06RAMM1N6 1N 5CHEMAL06 
F0r the purp05~ 0f d~a6a5e pr09~mm~ 1n 5ect10n 5.1, we ~cu5 0n the def1n~e 
c1au5e fa9me~ 0f 5chemaL0~ We dev~0p the f1xp01~ and m0de1 the0ret1c 
~mant1~ 0f th15 fa9me~ and e~a~h the1r e4~v~ence. 1n 5ect10n 5.~ we 
deve10p a 50und and c0m~e pr00f the0~ ~r  the fu~ 1091c 0f 5chemaL0~ F0r 
~m~1~ 0f exp0~t~n, we d0 n0t addre~ the 1~ue 0f e4u~1~ 1n 5e~n5 5.1 
and 5.2. 1n Append~ A.1, we 5h0w h0w the ~5~ 0f the5e ~n5 can 6e 11fted 
t0 the ca5e where e4u~1~ the0~ 15 addre55ed. 
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~1. F~p01nt 5eman~c5 
We w111 c0n~der a pr09ram P t0 6e a 5et 0f def1n~e dau5e~ 7he n0t~n5 0f 
Her6rand 6a5e, Her6rand 1nterp~tat~n and Her6rand m0de1 f0110w th05e 0f the 
c0nvenf10n~ 0ne5 w1th exten~0n5 1nduced 6y the ne~ed ~ructure 0f 5chemaL09 
~0m5. 
Def1~t10n ~1. L~ A 6e an ~0m~ ~rmu~ 0f deNh n, 1 ~ n ~ 4. 7he re5tr1ct10n 
0f A t0 deNh m, m < n, 15 the ~rmMa A• 06ta1ned 6y ~tNn~9 the f1r5t m 
n0n-~ c0mp0nem5 0f A. When the depth 15 n0t 1mp0nam, we 51mp~ 5ay that 
A• 15 a ~r1~n ~ A. 7he re~r1~10n 0f an amm A ~ ~Nh n m deNh n, 15 
1t5e~ 
Examp1e 5.1. 7he re5tr1ct10n 0f t~ ::t2[t4: t~-~t5] t0 depth 3,2,1 are t~ ::t2[t3], 
t~ :: t 2 and t~, re5pect1ve1y. 
D~t10n ~2 Let 1 6e a 5et 0f 9r0und ~0m~ 7hen the c~5u~ 0f 1, den0ted 
d(1),  15 def1ned a5 d(1)  = {A [~8 ~ 1 5.t. A 15 the re~r1ct10n 0f 8 t0 dep~ m, 
~r  ~me 1 ~ m N deNN8~.  A ~t  0f ~0m5 1 15 d0~d 1f c1(1) = 1. 
We extend the n0t10n 0f d05ure t0 a 5et ~ 0f 5et5 0f at0m5 6y def1n1n9 
c / (~)  =a~ {c/(1) 1 1 ~}.  
Let P 6e a def1n~e pr09ram. 7hen the Her6rand unNer5e 0f P 15 the 5et 0f a11 
9r0und (1.e. vaf1a6~-~ee) term5 that can 6e c0n~ructed u51n9 the 5ym6015 1n P. 
7he Her6rand 6a5e 8 e 0f P 15 the 5et 0f ~1 9r0und at0m5 that can 6e f0rmed 
u51n9 the 1091ca1 5ym6015 appear1n9 1n P. N0te that 6y def1n1t10n, the Her6rand 
6a5e 0f a pr09ram 15 d05ed. A Her6rand 1nterpretat10n 1 0f P 15 any d05ed 5u65et 
0f 8 e. 1t can 6e 5h0wn that a Her6rand 1nterpretat10n, 06t~ned ~0m f1r5t 
pr1nc1p~5 u~n9 the def1n1t10n 0f a 5tructure 6y 1nterpret1n9 a11 1091c~ 5ym6015 a5 
them5e~e5 and the funct10n 5ym6015 1n ~ 1n the u5ua1 ••Her6rand•• ~y1e, 15 
e4u~ent  t0 the a60ve ~mp1er n0t10n 0f Her6rand 1nterpretat10n. 1 15 a m0dd 0f 
P ff 1t 5at15f1e5 aH the c1au5e5 1n P. 1t 15 ea5y t0 5h0w that the un10n 0nte~ect10n) 
0f d05ed 5u65et5 0f 8 e 15 d05ed. 7hen d(2n,~L the 5et 0f a11 Her6rand 1nterpreta- 
t10n5 0f P, 15 a c0mp1ete 1att1ce under the pa~1~ 0rder 0f 5et 1ndu~0n ~.  7he t0p 
dement  ef 1h15 1a~1ce 15 8 e and the 60tt0m ~ement  15 ~. Un10n and 1nter5ect10n 
c0rre5p0nd t0 the j01n and meet a5 u5ua1. 
Def1n1t10n ~ Let P 6e a def1n1te pr09ram. 7he mapp1n9 7e: c/(2 ~)  -~ d(2 n~) 15 
def1ned a5 f0110w5. Let 1 6e a Her6rand 1nterpretat10n. 7hen 7e(1)= d({A ~ 
8e1A , -A~, . . . ,A  n 15 a 9r0und 1n~ance 0f a dau5e 1n P and {A~ . . . . .  An} ~1}). 
We h~e the ~H0~ ~5u~5. 
Lemma ~1. L~ P 6e a def1n1te pr09ram. 7he mapp1n9 7 e ~ c0n~nu0u5 (and hence 
m0n0~n~.  
PR00F. Let X 6e a ~re~ed 4 5u65et 0f d (2~L {A~ . . . . .  An}~6(X)  1ff 
{A~ . . . . .  An} ~1, f0r 50me 1~X.  70 5h0w 7e ~ c0nt1nu0u~ we have ~ 5h0w 
4X ~ d1re~ed ff every f1n1te 5U65et 0f X ha5 an Upper 60Und ~ X. 
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7e(~6(X~ = ~6(7e(X)) ,  f0r each d1rected 5u65et X. 7hu5, 
A 
** 8 ,-A~ . . . . .  A n 15 a 9r0und 1n5tance 0f a dau5e 1n P, 
{A~ . . . . .  An} ~6(X) ,  and A 15 a re~r1cf10n 0f 8 ,  
~, 8 ~-A~ . . . . .  A n 15 a 9r0und 1n5tance 0f a dau5e ~ P and 
{A~ . . . . .  An} ~1,  f0r 50me 1 ~X,  and A 15 a re~r1ct10n 0f 8,  
~ A ~ 7~(1), f0r 50me 1~ X,  
**A ~m6(7e(X) ) .  
7h15 pr0ve5 th~ 7 e 15 c0nf1nu0u~ M0n0t0n1c1~ f0~0w5 ~0m th15. [] 
Lemma ~2 L~ P ~e a def1n1te pr09ram and 1 6e a He~mnd ~mt10n 0f P. 7hen 
1 ~ a m0de1f0r P 1ff 7e(1) ~L  
P~00v. 1 15 a m0de1 ~r  P 1ff ~r  each 9r0und ~ance  A ~A1, . . . ,A  n 0f each 
dau5e 1n P, {A1 . . . . .  A n} ~ 1 1m~5 A ~ L 7~5 15 ~ue ff and 0n~ ff 7e(1) ~ L 1n 
pa~u~ n0t1ce that every at0m 8 ~ 7e(1) wh~h 15 a re~f1cf10n 0f A, where 
A ~A~ . . . . .  A n ~ a 9r0und ~ance  0 fa  dau5e ~ P and {A~ . . . . .  An} ~L  15 ~50 ~ 
1 (a5 1 15 d05e~. [] 
7he0rem ~1 (Fkp~nt  ch~a~ef12~n 0f Lea~ H~6mnd M0de~ La  P 6e a 
def1n1te pr09ram. L~ ~¢~(P) 6e ~e 5~ 0f a~ He~mnd m0de~ 0f P and 5t 
~ ~t~(P) 6e ~e~ ~e~n.  7hen ~ ~t~(P) ~ a m0de1 0f P ca11ed ~e ~t  
He~mnd m0de1 0f P. Fu~h~ ~ ~t~(P) = 1fp(7p) = 7 e 7 w = {A [ A ~ 8p A P ~ 
A}. 
PR00L We kn0w, ~ ~t~(P) 15 916(1:1 ~ a H~6mnd m0dd ~r  P). R ~110w5 fr0m 
Lemma 5.2 that t~5 15 ~e ~me ~ 1fp(7~). 7he ~e0~m n0w ~0w5 ~0m Lemma 
5.1.7he deta115 ~e ~enf1c~ ~ th0~ ~r  da~ 10~c pr0~amm~9 (~6~ [] 
~c0~0raf1n9 any 0f the var10u5 ~rm5 0f ne9~n 5tud1ed ~ ~c  pr09ramm~9 
(e.9., 5ee ~7~ 1n 5chemaL09 15 n0t very ~ff1c~L We d0 n0t ~u~ th~ ~5ue 
~h~ ~ th15 pape~ 
Pr00f 7he0ry 0f5chemaL09 
1n th15 ~ct10n, we deve10p a 50und and c0mNe~ pr00f ~e0ry  ~r  5chemaL09 a5 a 
fu~-f1ed9ed 1091c. We c0n~der a~1tra~ 5chemaL09 ~e0r1~,  n0t ju~ def1~ 
dau5e~ Ana1090~ t0 f1r~ 0rder 10~ we can 5h0w that ~6k~ry  the0r1e5 can 6e 
t ra~rmed 1nt0 dau5~ the0r1e5. 7~5 ~ ac~eved thr0u9h 5k~em1~t10~ a5 u5u~. 
We then deve~p the pr00f ~e0ry  ~r  5chemaL09 the0r1e5 c0n~n9 0f dau5e~ 
6a5ed 0n ~5~m~n.  
~21. 5k0~m12at10n ~ 5chemaL09. A 5entence 9 1n 5chemaL09 can 6e tran5- 
f0rmed ~t0  an e4~v~ent  5entence ~ ~ prenex n0rma1 f0rm. A 5entence 15 ~ 
prenex n0rm~ f0rm ff ~ 15 0f the f0rm (Q1X1)... (QnXn~F) where every (Q1X1~ 
1 = 1 . . . . .  n, 15 e~her (VX 1) 0r (3X/L and F 15 a f0 rm~a c0nt~n9 n0 4uant1f1e~. 
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7h15 tran5f0rmat10n 15M0n9 the 11ne5 0f the 0ne u5ed 1n pred1cate cMcu1u~ An 
M90f1thm f0r th15 ~an5f0rmat10n can 6e f0und 1n Chan9 and Lee [9] and can 6e 
ea51~ adapted f0r 5chemaL0~ 
5k01em12at10n ~ the pr0ce55 0f d1m1nat1n9 the e~ent1M 4uant1f1er5 1n a 
f0rmu1a 6y rep1ac1n9 them w1th 5u1ta6M fun~10n5 (ca11ed 5k0Mm funct10n5). 7he 
1ntu1t10n 6eh1nd 5k01em~at10n 15 the f0H0w1n9. 1f a f0rmu1a a55ert5 that f0r every 
X, there e~5t5 a Y 5uch that 50me pr0pe~y h01d~ the ch0~e 0f Y c0u1d 6e 5een a5 
a funct10n 0f X. 5k01em~at10n 51mp~ a5~9n5 a (new) ar6ffrary fun~10n 5ym601 t0 
repre5ent h~ ch0~e fun~10n. 7h15 can 6e u5ed t0 e11m1nate the e~ent1M 
4uant1f1er a~0~ated w1th Y. 
N0t~e that 5k01em~at10n 1  5chemaL09 ~ ~uM~ 1dent~M t0 that 1n da5~cM 
f1r5V0rder 10#c. 7he e55ent1a1 rea50n f0r th15 15 that 1n 5chemaL0~ a5 1n da5f1cM 
10#c, funct10n 5ym6015 are d~e~ 1nterpreted 1nt0 the~ extenf10n5. 8y c0ntra5L 
H1L09 (f0r examp1e) 1nterpre~ fun~10n 5ym6015 (a5 M50 0ther 5ym601~ 1ntenf10n- 
a11y. 7her~ a new 5ym601 ch05en t0 repre5ent a 5k01em funct10n mu5t 6e a5~9ned 
a new 1n~n~0n, wh~h may n0t a1way5 6e p05~61e. 7he auth0r5 0f H1L09 9et 
ar0und th15 d1ff1cu1~ 6y u51n9 an unu5ed af1ty 0f 0ne 0f the 01d 5ym60~ t0 
repre5ent the 5k01em fun~10n. (5ee [12] f0r the deta~5.) F0r 5chemaL0~ f1nce 
5k01em~at10n w0rk5 1n a manner 1dendcM t0 that 0f pred1cate cMcu1u~ we refer 
the reader t0 [9] f0r the detM~. 
L22  He~mnd~ 7he0mm. 8y v1rtue 0f 5kMem~at10n, w1ff10m ~55 0f 9enerM- 
1W, we can re~f1ct 0ur a~ent10n t0 ~rm~ ~ prenex n0rmM ~rm w~ch are 
unN~5a11y 4uant1f1ed. 8y ~an5~rm~9 5uch ~rm~ 1n~ c0~un~e n0rmM 
~rm,  we can 06ta~ 5chemaL09 ~rm~ that are ~ C1au5a1 f0rm. Reca11 the 
n0t~n5 0f Her6~nd u~ve~e,  Her6~nd 6a5e, and Her6~nd 1nterpretat10n5 
(5e~n 5.1). 
Pr0p051t10n ~1. Let 5 6e a 5et 0f c~u5~ and 5upp05e 5 ha5 a m0del 7hen 5 ha5 a 
He~nd m0del 
P~00~ Let 1 6e an 1nterpretat10n f 5 .7he  Her6rand 1nterpretat10n 1• 15 def1ned 
a5 1• = {A ~85: A 15 true 1n 1}. 1t f0H0w5 6y an ea5y 1nduct10n that ff 1 ~ a m0de1 
0f 5, then 1• ~ a150 a m0de1 0f 5. [] 
Lemma ~ A ~t  0f c~u5~ 5 ~ un5at15f1a6~ 1ff~ ~ fa15e w1th re5pea ~ a~ He~mnd 
5t~ure5.  
P~00v. 1f 5 15 5~f1a~ then Pr0p0~t10n 5.1 5h0w5 that ~ ha5 a H~6~nd m0dd. 
[]  
F~10w1n9 Chan9 and Lee [9], we next ~0duce  ~e n0t~n 0f a ~mant1c tree. A5 
~ the da5~c~ ca5e, we 5h~1 u5e ~mant1c tree5 t0 ~ h  the 5tr0n9 ver~0n 0f 
Her6~nC5 7he0~m (5ee 7he0~m 5.2 6d0w) ~r  5chemaL0~ a5 we11 a5 t0 pr0ve 
the c0mp~n~5 0f 0ur pr00f pr0cedure. 7he f01~w1n9 n0t10n5 are needed ~ 
def1n~9 ~mant1c tree5. Rec~1 the n0t~n 0f re~ct10n 0f at0m5 t0 5ma11er de~h5 
(5ee Def1~t~n 5.1). 7he n0t10n can 6e extended t0 f1~rM5 ~ the 06v~u5 manne~ 
Def1~0n L4  A 1ffer~ Lj ~ reduc161e t0 1fferM L1, ff L 1 ~ L~ re~f1Cted t0 
depth(L1L et A 6e an at0m. 7he 1ffer~ ~ A• C0ntra~Ct5A, ff A ~ mdUd~e t0 
A•. 7he 5et {A, ~ A•} 15 C~1ed a C0ntra~C~pa~ 
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N0t1ce that ff ~A~ c0ntrad1ct5 A, ~ d0e5 n0t ~ 9ener~ ~110w that ~ A 
c0mm~5 A•. An exam~e 15 A = d6 :: re1[~] and A• = 06 :: re1. 
Def1n1~0n ~ Let 5 6e a 5et 0f dau5e~ and 1et 85 6e the Her6rand 6a5e 0f 5. 
A 5emant~ tree f0r 5 15 any tree wh05e ed9e5 are 1a6ded w1th f1n1te 5et5 0f 
9r0und 1Rer~5 5uch that: 
(1) Each n0de ~ ha5 a f1nRe num6er 0f ch11dren; 1et e 1 . . . . .  ek 6e the ed9e5 
c0nnect1n9 v t0 1t5 ch11dren and 1et 11t(e 1) den0te the (f1n1te) 5et 0f 1~era~ 
1a6e11n9 e1. We can v1ew each 5et 11t(e~) a150 a5 den0t1n9 the c0njunct10n 0f 
the htera15 1n th15 5et. 7hen, 11t(e~) v ... ~ 11t(e~) 15 a taut0109y. 
(11) F0r each n0de v, the un10n 0f a11 1a6e15 0f ed9e5 appear1n9 1n the 6ranch 
fr0m the r00t d0wn t0 e, c0nta1n5 n0 c0ntrad1ct0ry pa~ 0f 1Rer~5. 
F0r a n0de ~ 0f a 5emant1c ~ee, we ~t  1(v) den0te the un10n 0f ~1 1a6e15 0f 
ed9e5 appear1n9 1n the 6ranch ff0m the r00t d0wn t0 ~. N0te that 1n 9ener~ 1(~) 
can 6e v1ewed a5 a pa~1~ 1nterpretat10n. 
Def1n1t10n ~ Let 8 5 6e the Her6rand 6a5e 0f a 5et 5 0f c1au5e5. A 5emant~ tree 
7 f0r 5 15 5~d t0 6e c0mp~ pr0v1ded f0r every 1eaf n0de v 0f 7, and f0r every 
at0m A ~ 85, 1(v) c0nta1n5 A 0r ~ A. N0t1ce that a c0mp1ete 5emant1c tree 
can 6e 1nf1n1te. 
Def1n1t10n ~ 2 A n0de v 0f a 5emant1c tree 7 f0r a 5et 0f dau5e5 5 15 a fa11u~ n0de 
ff 1(~) fa1f1f1e5 0me 9r0und 1n~ance 0f a dau5e 1n 5, 6ut 1 (~)  d0e5 n0t fa1f1fy 
any 9r0und 1n~ance 0f a dau5e 1n 5 f0r every ance~0r n0de v~ 0f ~. 7 15 5~d t0 
6e c105ed pr0~ded every 6ranch 0f 7 term1nate5 at a fa11ure n0de. A n0de ~ 0f 
a d05ed 5emant~ tree 15 c~1ed an ~ference n0de 1f a11 the 1mmed1ate de5cen- 
dant n0de5 0f v are fa11ure n0de5. 
We f1na11y 5tate the 5tr0n9 ver510n 0f Her6rand•5 7he0rem f0r 5chemaL09 
wh1ch p1ay5 an 1mp0rtant r01e 1n the pr00f 0f c0mp1etene55 0f the pr00f pr0cedure. 
1t5 pr00f ~ ana1090u5 t0 that f0r da551ca1 pred1cate ca1cu1u5 and 15 5ketched 1n 
Append1x A.2. 
~ m  ~2 ~ ~ 5  ~ ~ .  A ~ 5 ~wff5 ~ ~ u ~  ~ ~ ~  ~ 
e~ ~mp1ete ~n~ ~e 7 ~r  5 ~5 a f1n~ c~d ~6~e.  
N0te that ju5t a5 1n the da551ca1 ca5e [9], we 9et a5 an ea5y c0n5e4uence 0f 
7he0rem 5.2 that a 5et 5 0f c1au5e5 15 un5at15f1a61e ff and 0n1y 1f 50me f1n1te 5u65et 
0f the 9r0und 1n~ance5 0f 5 15. 
~2~ Un~cat10~ U~f1c~n 1n 5chemaL09 ha5 ~ 6e t~ed ~ffe~nt1y fr0m 
the way 1t 15 d0ne c0nvent10n~.  1n 0ur ca5e, u~e 1n pred~a~ c~c~u~ there ~ 
a natura1 need f0r f1~r~5 0f une4u~ dep~ t0 6e u~f1ed. 70 5ee ~15, c0n51der the 
f01~w1n9 examNe. 
C0nf1der the def1n~e pr09ram P = {d6 :: re1[attr] ~-} a~e~1n9 the e~ence  0f a 
data6a5e d6, w1th a re1~n named re1, f0r wh1ch an aUf16ute attr 15 def1ned. N0w, 
c0nf1der a 4ue~ : •--d6 :: ~1 wh1ch a5k5 a60ut the e~ence  0f a data6a5e d6, w1th 
a re1at10n amed ~1 def1ned 0n 1t. Re5~ut10n ~ the c0nvent~n~ 5en5e w0u1d n0t 
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re5u1t 1n a refutat10n (wherea5 1t 5h0u1d~L N0w 1et u5 "5w1tch•• the (head 0f the) 
ru1e and the 90M, 1.e. c0nf1der the pr09ram P={d6::re1~-} and the 4uery 
•--d6 ::re1[at~ 1ntu~e1y, we unde~tand that the re501ut10n 5h0u1d fa11. 
7he a60ve examp1e ~1u5trate5 tw0 key 155ue5: (1) Un1f1cat10n 1n 5chemaL09 
1nv0~e5 "un11k~ 1~erM5 and (2) un1f1a6111ty 15n0t c0mmutat~e. 1ntu~e1y, the 
a60ve 1~ue5 are rdated t0 the def1n1t10n 0f d05ure u5ed 1n the f1xp01nt 5emant1c5. 
7h15 1n turn 15 a550dated w1th the ne5ted 5tructure 0f at0m5 M10wed 1n 0ur 
1an9ua9e. 7hu5, the c0nvenf10nM n0t10n 0f un1f1cat10n need5 t0 6e extende~ 5 We 
d~cu55 th15 next. 
Def1n1t10n £• A 5u65~tu~0n 15a f1n~e 5et 0f the f0rm {t~/X~ . . . . .  ~/X~}, where 
X~,... ,X~ are d~t1nct var1a61e~ and every term t 1 ~ d1fferent fr0m X 1, 
1~1~n.  
Def1n1t10n ~ A un1f1er 0f 1~era1 L~ t0 11tera1 Lj 15 a 5u65t1tut10n 0 5uch that L~0 
~ reduc161e (5ee Def1n1t10n 5.4) t0 L10. L1tera1 L~ 15 un1f1a61e t0 f1tera1 L~ 1f 
there 15 a un1f1er 0f L~ t0 L~. 
D~n~ £1ff A un1f1er ~ 0f a 1~era1 L~ t0 ~tera1 L9 15 a m05t ~nem1 un~er 
~9~ 1ff ~r  each un1f1er 0 ~r  L9 t0 L~, there e~5t5 a 5u65t1tut10n A 5uch that 
0=~.  
7HE UN1HCA~0N AL60~7HM. 0Ur Un~Caf10n M90r1thm ~ e55ent1M~ f1mf1ar 
t0 the 0ne f0r da5~Ca1 091C. We have t0 ad0pt Ce~n m0d~C~n5 t0 aCC0Unt f0r 
the peC~1ar 5yntax 0f 5ChemaL09 and the 50meWh~ fferent n0t10n 0f Un~C~n 
def1ned a60Ve. We deve10p an M90r1thm 6e10W 6y m0d1~1n9 the Un1f1Cat10n 
~90r1thm d15CU55ed, e.9., 1n U11man ~4]. 
C0n~der any tw0 5ChemaL09 at0m5 A and 8. WRh0Ut 1055 0f 9enera11~, We 
may a55Ume that there 15 n0 var1a61e Wh~h 0CCUr5 ~ 60th A and 8. (5UCh 
Var1a61e5 Can ~Way5 6e renamedD We W0u1d 11ke t0 te~ 1f A Can 6e Un~ed t0 8. 
C1ead~ a neCe~ary C0ndR~n f0r th~ 15 th~ depth(A) ~ depth(8~ Wh1Ch We 5ha11 
a55Ume 1n the M90f1thm 6d0w. 
A190~thm £ 1. C0mput1~ e M0~ 6enera1 Un1f1e~ 
1NPU7: A~m~ ~rmu~5 A and 8 ~ d~nt  5ea ~ vaf1a6~5. 
0U7PU7:  A m0~ ~nem1 un~er ~ A t0 8 0r an ~ca~0n ~at n0ne ex15~. 
ME7H0D. 7he M90f1~m c0n515t5 0f ~0 pha5e5. Pha5e 1 ~9u~h~ the 
e4u~a~nt ~6expre5510~ 0f A and 8 that mu~ 6ec0me ~ent~M 1n the M6U.  
Pha5e 11 de~rm~ 1f an M6U ex1~5. 
Ph~e 1: ~n~ e4u~a~nt 5u6expre5510~. 
A tree c0~p0n~n9 t0 each 0f A and 8 15 c0n~ructed f1r~. 7he ~1~n9 
ru1e5 ~du~Ne~ def1ne the tree ~r  A. (7he tree ~r  8 15 c0n~ru~ed ~ a ~mf1~ 
~ay,) 
5 7he d1rect10na11ty a550c1ated w1th un1f1cat10n a150 ar15e5 1n F-1091c [21] 6ut f0r a d1fferent rea50n: a
m01ecu1e w1th fewer c0mp0nent5 may 6e un1f1ed t0 0ne w1th m0re c0mp0nent~ 7h15 feature ~ pre5ent 
1n 5chemaL09 a5we11, at the m01ecu1ar 1eve1. 8ut, unf1ke F-1091c, 5cf1emaL09 un1f1cat10n need5 t0 6e 
d1rect10na1 even at the at0m~ 1evel 
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1. 1f A 15 0f the f0rm td6 : :  tre1[tt1d: ~ttr--) t,,~2], then the tree f0r A ha5 an 
un1a6e~d r00t w1th 5 ch11dren, ~d~,~et,~e~,r,e,,~t fr0m 1e~ t0 f19ht, 1n that 
0rder where ~ 15 the r00t 0f the tree f0r the term ~, 1 ~ {d6, re1,1d, attr, ~a~. (1f A 
~ an at0m 0f depth 1e55 than f0u~ 1t5 ffee w111 have an un1a6e1ed r00t w1th chHdren 
c0rre5p0nd1n9 t0 the term5 appear1n9 1n A.) 
2. Let t 6e a term cf the f0rm f(t~ . . . . .  6 )  f0r a fun~10n 5ym601 f 0f af1ty n and 
term5 t~ . . . . .  t,. 7hen the tree f0r t ha5 a r00t 1a6e1ed ~ 7he r00t ha5 n ch11dren 
~ . . . . .  ~ ,  where ~ 15 the r00t 0f the tree f0r ~, 1 = 1 . . . . .  n. 
Ru1e5 1 and 2 c0mp1ete~ de5cr16e the tree f0r any 5chemaL09 at0m. 
After 6u11d1n9 the tree5 f0r A and 8, we 9r0up the1r n0de5 1nt0 e4u~a~nce 
c~55e5. 7he5e e4u1v~ence c1a55e5 can 6e repre5ented 6y the e4uN~ence re1at10n 
~.  7he ru1e5 f0r def1n1n9 ~ are: 
1. 1f r A and rn are the r00t5 0f the tw0 tree5, then ~ ~ rn. 
2. 5upp05e m, n are any n0de5 0f ~ and t5 re5pe~Ne1y, 5uch that m ~ n. 7hen 
tw0 ca5e5 ar15e: 
Ca5e 1. rn 15 the r00t r A and n 15 the r00t r~. 1n th15 ca5e, 1et ut . . . . .  u, 6e the 
ch11dren 0f r A and v 1 . . . . .  v n 6e the ch11dren 0f rn, where 1 ~k  ~n ~ 4. We 5ay 
that a ch11d u~ c0rre5p0nd5 t0 a ch11d ~, pr0v1ded 60th c0rre5p0nd t0 a data6a5e, a 
re1at10n, a tup1ef1d, an a~r16ute 0r a va1ue term. Whenever u~ c0rre5p0nd5 t0 ~, 
5et u 1 ~ ~. 
Ca5e 2. rn and n are 60th any n0de5 0f tn and tn, 0ther than the1r r00t~ 1n th15 
ca5e, m and n mu5t 6e 1a6e1ed. 1f they are 60th 1nterna1 n0de~ they mu5t 6e 
1a6e1ed 6y 50me funct10n 5ym601~ 1f the funct10n 5ym6015 are d1~1nct, c0nc1ude 
••A cann0t 6e un1f1ed t0 8•• and ex1t. 0therw15e, they mu5t have the 5ame num6er 
0f ch11dren, 5ay u~ . . . . .  u, and 2~ . . . . .  ~ re5pect1ve1y. 7hen 5et u 1 ~ ~, 1 = 1 . . . . .  n. 
3. 1f n0de5 m and n are 1a6e1ed 6y the 5ame var1a61e, then rn ~ n. 
4. n ~ n f0r any n0de n; 1f n ~ m, then m ~ n; ff n ~ m and m ~p,  then n ~p. 
Pha5e 11 0f the M90f1thm c0n5tru~5 the M6U 6y c0n~der1n9 each e4uNMence 
da55 06ta1ned fr0m the prev10u5 pha5e. 7h15 pha5e 15 1dent1ca1 t0 pha5e 11 0f the 
un1f1cat10n a~0f1thm f0r da~M 10#c 9Nen 1n UHman ~4], ~0 wh~h we refer the 
reader f0r deta115. 
We #ve an examp1e 0f un1f1cat10m t0 111u5trate he a~0f1thm. 
Examp~ X2. We ~11 ~nMder ~1~ the ~ma~9 ~rmu~ A t0 8 whe~, 
A = ~  9(X~ :: Y and 8 =~9(U~ V):: re1(~W~ 
7he e4u1v~ence c1a55e5 we 06ta1n are: {W},{U},{Y, re1},{X, 9(U~, {9(X~V} 
and the M6U 2 15 06ta1ned a5: 2 (W)= W, 2 (U)= U, 7(Y)=re1,  7 (X)=9(UL  
2(V)  =9(9(U)) .  
~ m  ~3 ( U ~ n  7~0~m~ 6~n a~m~ ~ u ~  A ~d 8, A~thm 5.1 
~c~ ~mpu~ ~e m~ ~ ~ r  ~ A ~ 8 ~ ~ m9u ex15~. 
7he pr00f 0f th~ the0rem f0H0w5 the 5ame 11ne5 a5 the 0ne d15cu~ed f0r 
da~ 1091c 1n U11man ~4]. 7he m0d1f1cat10n5 t0 the pr00f t0 acc0unt f0r the 
m0d1f1ed pha5e 1 0f the ~90f1thm are 5tra19htf0rward. 
120 L v ,  5. LAK5HMANAN E7  AL  
~2¢ Re501u~0n and C0mp1etene55. 1n th15 5ect10n, we 5h0w that the extenf10n 
0f the re501ut10n 6a5ed pr00f pr0cedure t0 the h19her-0rder 5ett1n9 ~ 50und and 
c0mp1ete f0r 5chemaL09. 8ef0re pre5ent1n9 re501ut10n, we rec~1 the f0110w1n9 
n0t10n5. 
Def1n1t10n ~11. Let L~ and L~ 6e tw0 11tera15 1n a dau5e C. 1f there 15 a m05t 
9ener~ un1f1er 9 0f L~ t0 L:, then C9 15 ca11ed a fa~0r 0f C. 1f C9  ~ a un1t 
dau5~ 1t 15 c~1ed a un# fact0r 0f C. 
Def1n1t10n ~12 Let C~ and C 2 6e tw0 dau5e5 (ca11ed pamnt c~u5~) w1th n0 
var1a61e5 1n c0mm0n. Let L 1 and L 2 6e tw0 11tera15 ~ C~ and C 2 re5pect1vd~ 1f
L~ ha5 a m0~ 9ener~ un1f1er ~ t0 ~ L2, then the c1au5e 06t~ned 6y rem0~n9 
L~9 and L~9 fr0m a ~un~n 0f C~9 and C2~ ~ c~1ed a ~na~re501vent 0f 
C~ and C 2. 7he 1~er~5 L~ and L 2 are  c~1ed the ~ra~ m501~ed up0n. 
Def1n1t10n 5.13. A re501vent 0f(parent)  c1au5e5 C~ and C 2 15 a 61nary re501vent 0f a 
fact0r 0f C1 and a fact0r 0f C2. 
Def1n1t10n L1~ A dau5e C ~ a var1ant 0f an0ther dau5e D pr0v1ded there ~ a 
5u65t~ut10n 0 wh~h map5 var1a61e5 1n D t0 d~t1n~ var1a61e5 1n C 5uch that 
C ~ D0. Let 5 6e a 5et 0f dau5e5 ~andard~ed apan 1n the da5f1c~ 5en5e. A 
deduct10n ~0m 5 15 a f1n1te 5e4uence C~ . . . . .  C, 0f c1au5e5 5uch that f0r 
1 = 1 . . . . .  n, e~her C 1 15 a var1ant 0f 50me dau5e 1n 5, 0r C1 15 a re501vent 0f C~ 
and C~, f0r 50me j, k < 1. 
7he pr00f f0r the f0H0w1n9 1emma (9Nen 1n AppendN A.2), and the pr00f f0r 
c0mp1etene55 the0rem that f0110w5, 60th d05e~ f0110w the pr00N 0f c0rre5p0nd1n9 
re5u1~ f0r pred~ate cNcu1u5 [9]. 1n 60th ca5e5, we pr0~de the m~0r  ~ep5 and 
1dea5 1nv0Ned 1n the pr00~ 0ther detaH5 are ana1090u5 t0 th05e 1n [9]. 
Lemma ~ 4 (L1ft1n9 Lemm~.  1f C~ and C~ am ~5mnc~ 0f C~ and C2, re5peCt1Ue1y, 
and ~ C• ~ a re501~ent 0f C~ and C~, ~en ~em ~ a m5~vent C 0f C~ and C~ 5uch 
~at C• ~ an ~5mnce 0f C. 
7he0mm ~ 4 (50undne~ and C0m~e~ne~ 0f Re5~ut~n).  A 50 5 0f c~u5~ ~ 
un5at15f1a6~ ~ and 0n~ ~ ~ere ~ a deduc~0n 0f ~e emp~ c1au5e [] ~0m 5. 
PR00F. 5upp05e 5 15 un5~f1a6~.  L~ 85 6e the Her6rand 6a5e 0f 5. Let 7 6e a 
c0m~e~ 5emant~ ~ee f0r 5. 8y Her6rnn~5 the0rem (7he0rem 5.2), 7 ha5 a 
5u6~ee 7•, wh~h 15 a f1n1~ d05ed 5emant1c ~ee. ~ 7• ha5 0~y 0ne ~00t) n0de, 
then [] mu~ 6e ~ 5, ~v~9 a t r1~ dedu~n 0f []. ff 7• ha5 m0re than 0ne 
n0de, 7• mu~ have at 1ea~ 0ne ~rence  n0de, f0r 0therw15e we can 9et a t f1~ 
c0n~ad~t~n t0 the f1nkene~ 0f 7•. Let v 6e an ~rence  n0de 0f 7•. A55ume 
w1th0ut ~ 0f 9ener~y that v ha5 exact1y tw0 ch11dren--v~, v~. (8y the def1~f10n 
0f a 5emant1c tree, v ha5 2 2 chf1dren, and the ca5e where v ha5 > 2 c~ren  can 
6e hand1ed ~mf1af1y t0 the pre5ent ca5e.) C1eaf1~ ~, , :  are ~f1ure n0de~ Let A 
and ~ A 6e the ~6eh 0f the ed9e5 (v,v~) and (v,v~) re5pe~N~y. 8ut Mnce v ~ 
n0t a ~1~re n0de, there mu~ e~5t tw0 9r0und ~ance5 C~ and C~ 0f dau5e5 C~ 
and C 2 1n 5 5uch that C~ and C~ are fa~e 1n ~)  and ~v~) re5pe~e~,  6ut 60th 
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C] and C~ are n0t fa1~f1ed 6y ~) .  7heref0re, C] mu5t c0nta1n ~ A and C~ mu5t 
c0nta1n A. 8y re501v1n9 up0n the t1~r~5 A and ~ A, we can 06t~n a re50Nent C• 
0f C] and C~, wh1ch mu5t 6e fa15e ~ 1(v). 8y Lemma 5.4, there ~ a re50Nent C 0f 
C~ and C~ 5uch that C• 15 a 9r0und ~ance  0f C. Let 7" 6e the d05ed 5emant~ 
tree f0r (5 ~ {C}L 06ta~ed ~0m 7• 6y d~9 a11 n0de5 and ed9e5 6e10w the f1r5t 
n0de fr0m the r00t d0wn where C• 15 ~1~f1ed. C1eaf1~ the num6er 0f n0de5 ~ 7" 
15 ~r1~ ~wer than that ~ 7•. 5~ce 7• and hence 7" 15 f1~te, we can app~ t~5 
~chn~ue ~du~Ne~ 6y add~9 re50Nen~ 0f dau5e5 ~ 5 ~ {C} (06t~ned 6y 
dedu~n)  t0 5 u {C} and 50 f0~h, eventua11y 06ta~9 the emp~ 5u6tree c0n~5t- 
1n9 0f 0n~ the r00t. At th15 p01nt we w0u1d deaf1y have 06ta~ed a deduct10n 0f 
the emp~ dau5e [] ff0m 5. 
50undne55 f01~w5 1n a 5tra~htf0rward way. [] 
M0LEcuLAR PR06RAMM1N6 V5 A70M1C PR06RAMM1N6.  We ment10ned 1n 5ec- 
t10n 3.1 that m01ecu1ar f0rmu1a5 can 6e 1n~0duced 1nthe 5yntax 0f 5chemaL09 a5 
an a66re~at10n f0r a c0njun~10n 0f at0m~ f0rmu1a5. M01ecu1ar f0rmu1a5 can 
~deed pr0f1de a mechan~m f0r d1re~, c0nven~nt pr09ramm1n9. Let u5 111u~rate 
th15 p01nt w1th an examp1e. 
C0n~der the (900d 01d•) examp1e 0f 9randfathe~. 7he 9randfather pred~ate 
can 6e def1ned (fr0m the parent pred~ate) 1n 5chemaL09 u51n9 the ru1e 
d6 :: 9randpa[f(  X ,  r ) :  pe~ ~ X ,  9rndFath --* r ] 
, -  d6 :: par[ 7, : pe~ -~ X ,  fath - ,2 ] ,  d6 :: par[ 72 : pe ,  -~ 2 ,  fath -~ r ]. 
N0t~e that th15 ru1e make5 u5e 0f m01ecu1e5. 7he pred5e m0d~4he0ret1c 5eman- 
t1c5 0f m01ecu1ar f0rmu1a5 1n 5chemaL09 ret1e5 0n the1r e4uN~ence t0 a c0rre- 
5p0nd1n9 c0~un~10n 0f at0m~ H0weve~ a5 the reader can very wd1 ver1fy, 
expre5~n9 the 5ame ru1e u~n9 0n1y at0m56 w0u1d 6e 4u~e cum6er50me. We 
remark that ~ a rdaf10n~ c0ntexL 0ne c0u1d c0mp1ete~ d15pen5e w1th t1d•5 0n an 
1nterface) a5 10n9 a5 m01ecu1ar p 09ramm1n9 15 5upp0~ed 6y the 5y~em. 7he 
5y5tem can a1way5 f111 1n the f1d•5. 7he p01nt, h0weve~  that t1d•5 are needed 1n 
0rder t0 keep the m0dePthe0ref1c 5emant1c5 0f 5chemaL09 51mp1~ 1n that they 
a110w reference5 t0 tup1e5 ~a the1r 1nten510n5 (t1d•5) a5 0pp05ed t0 thek exten~0n 
(1.e., the actu~ tup1e 0f va1ue5L 8e~de~ they are 4u1te 1n keep1n9 w1th 0ur 
eventu~ 0~ect1ve 0f pr0v1d1n9 f0r the 1nte9rat10n 0f d~parate data m0de15, 
1ndud1n9 the 0~e~-0f1ented m0dd. We remark that the f1xp01nt the0ry and pr00f 
the0ry 0f m01ecu1ar pr09ram5 are 5tr~9htf0rward exten~0n5 0f th05e f0r at0m1c 
pr09ram~ 1n the re5t 0f th15 pape~ we 5ha11 ffee~ make u5e 0f m0~cu1e5 1n 0ur 
examp~5. Wh11e the u5e 0f m0~cu1e5 make5 the pr09ramm1n9 0f cen~n 4uer1e5 
ea~e~ we 5h~1 5ee.1ater (5e~10n 7) that dever man1pu1at10n f tup1e 1d•5 ~ve5 
5chemaL09 a 9reat p0wer 1n expre5~n9 50ph15t1cated 4uef1e~ even 1n the rda- 
t10n~ c0ntext. 
~ M ~  ~ 1 ~  1n the C0me~ 0f 4Uer1e5 a5 WeH a5 ~ def1n6 
t10n5, 1t ~H 6e C0nVen~nt t0 have the ~ ~r) p~d~a~ ~Ch are n0t part 
0f any daa6~e)  ~a~e.  7he ~ e  ~ n  5UCh p~Ca~ and th05e ~ a 
data6a5e 15 that they may 6e re9arded a5 C0~p0nd~9 t0 ~mp0~ ta6~5 and 
.~  
6 ~ ~H nece~5Rate ~0 r~e5--0ne ~r ea~ ar9umem 0fthe pred~ae ~an~a. 
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hence 0ne need n0t carry ~0n9 the t1d•5 wh~h 5uch p~c~.  We c~1 5uch 
p~c~ pr09ramm1n9 p~ca~5 (f0r ~5f1n~n ~0m ~e d~a6~e p ~ d ~  
0n  the techn~ f1de, pr09~mm~9 p~d~ can 6e ea51~ ~c0rp0r~ed ~
5chemaL09 6y ~0du~n9 a ~p~a~ ~t  0f p~d~e ~m60~ and ~en 1nterpret- 
~9 ~em ~d~f1c~1y.~ We 5ha11 ~edy make u5e 0f pr09~mm1n9 p~c~ 1n ~e 
exam~ 0f 5ect10n 7 (e.9., 5ee 4uery Q4 1n 5e~n 7.1). 7he m~n ~ ~ n  
6etween pr09~mm~9 p~d~ and data6a5e p~c~ ~ that u~1ke ~r  data- 
6~e p~c~e~ ~e ~hema c0mp0nem5 0f pr09~mm1n9 p~c~ d0 n0t have a 
~rm~ ~u5 ~ 5chemaL0~ 7hu5, pr09ramm~9 p~c~ have a 5yntax f1m~ 
~ p~c~ ~ D~0~ 
~ AL6E8RA AND CALCULU5 
1n t~5 5e~ we deve~p an a~e6ra 6y e~end~9 the c0nvent10n~ r~af10n~ 
~9e6ra w1th 50me new 0per~n5 50 that the ~5u1t~9 ~9e6ra ~ capa~e 0f 
acce5~n9 the d~a6a5e name5, re1at10n ame5, and a~6u~ name5 6e~de5 the 
v~ue5 ~ a ~der~n 0f data6a5e5. We ~50 def1ne a c~cu~5 6a5ed 0n a ~a9ment 
0f 5chemaL09 that ~ u5efu1 f0r ~derat10n 4uery~ and pr0ve e4u~ence  re5~ 
6etween the e~ended r~at10n~ 9e6ra and the c~c~u~ 7~5 re5~t 11ft5 the 
e4u~ence  6etween ~a5~c~ r~at10n~ 9e6ra nd r~at10n~ c~c~u5 t0 a ~ame- 
w0rk wh~h ma~p~e5 data and ~hema un1f0rm1~ 
5tudy 0f 5uch an ~9e6ra 15 1mp0~ant 1n k5 0wn f19ht. A 5chemaL09 4uery 
c0mp11ed ~t0 an a65tract ~9e6~ f0rm w0u1d ~de the ~w 1eve1 ~90r1thm1c 
d~a115 cf 1~ 1m~ementat10n. 1t w0~d 6e~er ~ve~ the va~0u5 4uery 0pt1m~ 
t10n 0pp0~un1t1e5 5u99e~ed 6y the pr0pert1e5 0f the ~9e6r~c 0perat10n5. 7hu5, 
~uch a ~udy 15 fundament~ 10 1he d~ve~pment cf ~r~e~e5 f0r eff1~ent 4uery 
pr0ce5~n9. 
~ 1. Extended A19e6ra 
C1a55~ r~af10n~ 9e6ra c0n5~e~ the d~a ~ement5 ~ a r~n t0 6e the 
0~ea5 0f ~tf1n~c ~mre~. 1n pa~u~ the ~hema ~ement5 ~re 9~en a 
5ec0ndary ~u5- -a11 0perat0~ 1n the ~9e6ra 0per~e 0ver the v~ue5 ~ the 
r~n.  1n th15 5ect10n, we ~0duce  an exten~0n 0f the da5~c~ r~at10n~ 
~9e6ra that ~ capa~e 0f a u~f0rm ~e~ment 0f data a5 we~ a5 ~hema c0mp~ 
nen~ ~ r~at10n~ data6a5e~ we ac~eve th~ 6y 1ntr0dudn9 new 0perat0~ 0ur 
~9e6ra that ~10w f0r ex~act10n 0f ~hema re1ated ~f0rm~ 7hu5, the e~ended 
~9e6ra ~11t~e5 p0werfu1 m~d~a 4uery1n9 6e5~e5 pr0v1~n9 f0r c0nvent10n~ 
data 4uery1n9. 
0ur  ~9e6ra c0n~5 0f the da5~c~ re1at10na1 ~9e6ra 0perat0~ 5e~c~0n (~), 
pr0ject10n (~L can~n pr0dua (×), un~n (~), d1ffe~nce ( - ) ,  and f0ur new 
0perat0~ 6, p, a, and y. we n0w def1ne the new 0perat0~ 6~0w. 
7 F0r pr09ramm~9 pred~e5 We U5e the C0nVent~n~ 5yntax (pred-name)((a~1) ..... (a~n)). N0te 
th~ t~5 ~0dUCe5 am6~ ~ the 5yntax 0f 5ChemaL0~ a5a pr09ramm1n9 p~d~e C0U~ n0W 6e 
C0nfU5ed W1~h a fUn~n~ ~rm~ We Can rem0Ve t~5 am~9~ 6y ~e4U1r1n9 fUnCf10n~ rm5 t0 
C0nf0rm t0 the 5yntax f(t~ ..... tm). F0r the 5ake 0f daffy and ~m~1~ 0f eXp0~f10~ We~n0re t~5 
p~nt. 7he ~nded mean1n9 0f5ChemaL09 eXpre5f10n5 W111 MWay5 6e dear ~0m the C0nteXL 
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Def1n1t10n ~1. 7he f1r~ new 0perat0r we 1ntr0duce, ~, 15 0-ary and return5 the 5et 
0f name5 0f a11 the data6a5e5 1n the federat10n 0f data6a5e5. 
~() = {d d ~ the name 0f a data6a5e 1n the federat10n}. 
7h15 0per~ a9~n~ the unNe~1~ ~derat10n 0f Exam~e 2.1, w0u1d r~urn  
the unary rdat10n: {un1~--A, un1t,•8, un~-C}. 
Def1n1t10n ~2 7he 5ec0nd 0perat0r 15 a unary 0perat0r that take5 a unary re1at10n 
(1.e., a 5et) a5 1nput and return5 a 61nary rdat~n,  a5 f0H0w~ 
p(p)  = { (d,  r ) [ d ~ p,  d 15 a name 0f a data6a5e 1n the federat10n, 
r 15 a re1at10n ame 1n d}. 
F0r each data6a5e name d 1n the 1nput 5et p, p a~0date5 d w1th the name 0f 
each re1at10n that 15 pan  0f the data6a5e d 1n the federat10n. A5 an examp1e, ff 
re1at10n p = {un~--A, un~C},  p(p) a9Nn~ the unNe~1~ federat10n w0u1d f1e1d 
the re1at10n: {( un1t~-.A, pay~1nf0 ) , (un1t,-C, c5 ) , ( un~-C,  ece ) , ( un1v•C, math ~. 
Def1n1t10n ~ 7he ne~ 0perat0r ~ 0ur M9e6ra 15 ~nded t0 extraa a~r16ute 
name5 fr0m ~1at10n5 0f the ~d~af10m 1t ~ke5 a 61na~ ~t~n a5 a~umem 
and return5 a ~rna~ rdat10m 
a(4)  = {(d , r ,a ) ] (d , r )  ~4,  d 15 a data6a5e 1n the ~derat10n, r 15 a 
~t~n name 1n d, and a 15 an a~r16ute name 1n ~e ~heme 0f r}. 
F0r each (d , r )  pNr appear1n9 1n 4 5uch that r 15 a re1at10n ~ ~dera~n 
data6a5e d, a a550c1ate5 t0 the pa1L name5 0f each a~f16ute 1n the ~heme 0f r. 1n 
the c0ntext 0f the unNe~1~ ~demf10m ff 4 = {(un~-C,  c5)}, a(4)w0u1d return 
the re1~n:  { ( un~-C,  ~,  cate90~ ), ( un~C,  ~,  av9-5M )}. 
8ef0re we f0 rmN~ pre5ent the 1a~ new 0perat0r y 0f 0ur a~e6r~ 50me 6af1c 
def1Nt~n5 are 1n 0rde~ 
Def1n#10n ~4 A pattern 15 a 5e4uence (p~ . . . . .  Pk>, k e ~ where each P1 15 0f 0ne 
0f the f0rm5:~a1 ~ v9~, ~a9 -~ •, ~-~ ~,  • ~ • Here a 1 15 ca11ed the att~6ute 
c0mp0nent and ~ 15 c~1ed the va1ue c0mp0nen~ 0f p~. Let r 6e any rdat10n. 
•a 1 ~ ~ 15 5at15f1ed 6y a tup1e t 1n re1at10n r 1f t[a1] = ~; 
~a 1 -~ • 15 5at15f1ed 6y a tup1e t 1n re1at10n r 1f a9 15 an a~f16ute 1n r; 
• -~ v 1~ 15 5at15f1ed 6y a tup1e t 1n rdat10n r 1f there e~5t5 an a~f16ute 
a1 1n the 5cheme 0f r 5uch that t[a~] = ~; 
• -~ • 15 t f1v1~ 5at15f1ed 6y every tup1e t 1n re1at10n r. 
A pa~ern (p~ . . . . .  p~> ~5at15f1ed 6y a tup1e t 1n rdat10n r 1f (p~) , . . . , (p~)  are 
5at15f1ed 6y t. 
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0perat0r  y take5 a 61nary re1at10n a5 1nput, and a pa~ern a5 a parameter and 
return5 a re1at10n that c0nf1~5 0f tup1e5 c0we5p0nd1n9 t0 th05e pa~5 0f the 
data6a5e where the 4uer1ed pa~ern e~5.  F0rmN~, 
Def1n1t10n ~ Let 5 6e a 61narY re1at10n and ~p~ . . . . .  p~) 6e a pattern a5 def1ned 
1n Def1n1t10n 6.4. 7hen, 
~p~ ..... p~>( 5) ={( d,r,a~,e 1.....  a~,c~ )1( { d,r ) ~ 5) A(d15 adata6a5e 1n the 
federat10n) A( r  15 a re1at10n 1n d) ~ (a1•5 are at~Nute5 1n r) A (there e~5 
a tup1e t~r  5uch that t[a~ . . . . .  a~] = e~ . . . . .  ~ and t 5at15f1e5 {p, ... . .  p~))}. 
N0te that when the pattern 15 empty, 7< ¢5) w0u1d return the 5et 0f a11 pa1r5 
(d, r)  ~ 5 5uch that r 15 a n0n-empty re1at10n 1n the data6a5e d 1n the federat10n. 
Examp~ ~1. 7he 0perat10n ~ ~ :  ~ ¢5) a9Nn~ the unNer51ty data6a5e5 cf 
Examp1e 2.1 w111 y1e1d the re1at10n 1n F19ure 2. 
We remark that 0perat0r5 ~, ~, ×, ~,  - ,  ~, p, a, and 7 0f 0ur extended 
N9e6ra f0rm an 1ndependent 5et 0f 0perat0~--each 0perat0r cann0t 6e f1mu1ated 
u51n9 0ne 0r m0re 0f the 0ther 0perat0~. 1n pa~1cu1ar, n0te that 9Nen a 61narY 
r~at10n 4, the effect 0f 0perat10n5 ~(4) and ~,2,~(~ ~4~ 15 n0t the 5ame: a(4) 
c0nta1n5 1n 1t5 0utpuL tup1e5 0f the f0rm (d, r, a) 5uch that (d, r)  ~ 4, r 15 any 
re1at10n (p05f16~ empty) 1n the data6a5e d, and a 15 an a~f16ute 1n r•5 5cheme. 0n  
the 0ther hand, the 0utput 0f ~,2 .~ ~ ~4)) 1ndude5 0n~ n0n-empty r~at10n~ 
Examp~ ~2. Que~ Q2 0f 5ect10n 2, ••L•t ~m11ar depanmen~ un~-8 and 
un~-C ~at ha~,e ~e 5ame at:em9e 5a~ f0r ~m11ar cate90~e5 0f 5taff• can 6e 
expre55ed 1n 0ur extended a19e6ra 5: 
({ × >( c>}))).  
We w1H den0te the ~9e6ra 1n~0duced 1n th15 5ect10n a5 ~0a~,~. 
~2 5chemaL09 8a5ed Query Lan9ua9e 
1n 9enerM, 5chemaL09 permh5 n0t 0n~ 4uerY1n9 (60th data and 5chema) 0f 
c0mp0nent data6a5e5, 6ut a150 re~ructuffn9. F0r 1n5tance, 1t 15 5trN9htf0rward t0 
re5tructure the 1nf0 1n data6a5e un~8 0f Examp1e 2.1 t0 c0nf0rm t0 the 5chema 
0f the data6a5e un1v~A, uf1n9 a f1mp1e 5chemaL09 pr09ram ~ee 5ect10n 7.2). 
L061c AND AL6E8RA F0R 1N7ER0PERA81L17Y 1N MD85 125 
Def1n1t10n ~ 7he Que~1n9 Fra9ment 0f5chemaL09 (5••Q), ~ 06ta~ed ~y 1mp05~9 
the f0110w~9 c0n5tra1nt5 0n the def1nRe c1au5e fra9ment 0f 5chemaL09: (1) n0 
fun~n 5ym6d5 are ~10we~ (11) ru1e head5 are re4u1red t0 6e pr09ramm~9 
pre~1cate~ (111) ru1e5 are n0n~ecu~Ne and 5a~, 8 and (1v) t~5 (u5ed 0n~ ~ ru1e 
60d~ are un5hared e~ent1~ vaf1a~e5. 
7he rat10na~ f0r the a60ve re~f1cf10n5 9 a5 f0~0w~ 7he re~6cf10n 0f ru1e 
head5 t0 pr09ramm1n9 pred~ate5 en5ure5 that the re5u1t1n9 1an9ua9e 0n1y permR5 
4uery1n~ a5 0pp05ed t0 data6a5e re~ru~ur1n9. 7he re~r1ct10n 0n t1d•5 en5ure5 that 
the 4uery1n9 cann0t depend 0n the 1nterna1 detaf15 0f t1d•5 50mewhat aMn t0 
c0nvent10na1 re1at10n~ 4uery 1an9ua9e5. At the 5ame t1me, 0w1n9 t0 the h~he> 
0rder nature 0f th15 1an9ua9e, 1t 5t111 perm1~ 5chema 6r0w~n9 and 4uer1e5 that can 
exp10re the r1ch 5emant~5 0f 5chema. 7he re~f1~10n t0 the n0n~e~u~e fra9ment 
15 f0r re1at1n9 th15 1an9ua9e t0 the extended re~t10n~ 9e6ra def1ned eaf11e~ 
Pr09ramm1n9 1n the a60ve fra9ment w0u1d 6e 6a5ed 0n m01ecu1e~ and term5 
w0u1d eRher 6e c0n5tant 0r var1a61e 5ym6015. A150, pr09ram5 1n th15 1an9ua9e can 
e~enf1~ ~n0re the f1d•5. 7he re5u1t1n9 data6a5e pr09ramm1n9 1an9ua9e 15 4u1te 
1n 11ne w1th the re1at10n~ m0de11n that, the 1atter a150 d0e5 n0t a110w man1pu1at10n 
0f t1d~. 7he f0H0w1n9 1emma 15 pr0ved 1n Append~ A.2 
Lemma ~1. L~ ~ ~ a federat10n 0f dam6a5e5 (ed6), ~ ~ a 5et 0f 5afe m1e5 ~ ~Q, 
and p 6e any pred1ca~ def1ned ~ ~.  L~ ~(  ~ ) den0~ ~e 0u~ut ~mputed ~ ~ 
0n 1nput ~ and 1et p~)  6e ~e ~60n c0~e5p0nd1n9 ~ p 1n ~(~) .  7h~ ~ere 
ex15~ an expre55~n E • ~4~ae 5uch ~at E( ~.~) =p~) .  
~ Ex~nded Ca~u1u5 
1n t~5 5ect10n, we 5tudy a 1an9ua9e 5¢ c ~ the 5~f1t 0f d0m~n re~t~n~ c~cdu5 
that 15 1n5p1red 6y the 5yntax 0f 5chemaL06 We w111 e5~6115h 1t5 e4uN~ence t0 
0ur extended a~e6ra ~ and the 4uerY1n9 fra9ment ~Q 0f 5chemaL06 
Def1n1t10n 6 2 A ~n 0f ~c  ~ effher a vaf1a6M 0r a c0n~anL At0m~ f0rrnu~5 
(at0m~) are 0f 0ne 0f the f0110w1n9 f0rm5: 
(1) (d6) :: (re1)[(attr 1 ) ~ (Va11 ). . . . .  (attr~) -0 (Va~)~ 
(11) (d6) :: (re1)[(~tr~) . . . . .  (attr~)~ 
(111) (d6) :: (re1), 
(1V) (d6),  Whem (d6),  (re1), (attr 1 ), and (~a~) are mrm~ 0r 
(v) an ~0m 1nvd~n9 0ne Cf the 6U11t-~ pred~ae5 =,  <,  >,  ~.  
F0rm~a5 are f0rmed 6y d0~n9 at0m5 Under the U5UM 6001ean C0nne~Ne5 
and 4Uant1f1e~. At0m5 0f ~pe ~)-(1v) are CM1ed the da~6a~ at0m5 wh1~ th05e 
0f ~)  are C~1ed 6U1#~n a~m5. 
8A ru1e ~ 5afe ff ~1 vaf1aP1e5 appear1n9 1nthe ru1e are f1m~ed ~ther 6y 6e1n9 an ar9ument 0fa 
n0n-ne9ated 5u690~ 0r 6y 6e1n9 e4uated t0 a c0n~ant 0r t0 a f1rnRed var1a61e (perhap5 thr0u9h ach~n 
0f ~4~1~1~ta~0ma1 ~ ~nar1~1e~0~e~ 9 nera1 ~50appea/0 m0~cu11n e5the 60dY1n..L~. A150 n01e that exphcR t~5 are 
d~pen5ed w1th 1n .W c. 
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7he depth 0f a data6a5e at0m 1n ~c  15 def1ned a5 f0H0w5. At0m5 0f depth 1, 2, 
and 3 are def1ned a5 1n 5chemaL09 (5ect10n 3.1). A11 0ther data6a5e at0m5 are 
def1ned t0 6e 0f depth 4. 8uf161n at0m5 are 0f depth 0. An expre5510n 1 5~c N 0f 
the f0rm {X~ . . . . .  X~1~(X~ .... .  X~,  where X 1 . . . . .  X m are the d~f1nct free 
var1a61e5 1n the -~c f0rmu1a ~. 
~1.  D0ma1n and 5afe~. A5 .~,c¢ c pr0v1de5 pr1mary 5tatu5 t0 data6a5e name5, 
re1at10n ame5 and a~r16ute name5 1n the federat10n, 0ur d0ma1n 5h0u1d 1ndud~ 
apa~ fr0m the vNue5 appear1n9 1n the federat10n, the name5 0f a11 the data6a5e~ 
N1 the re1at10n5 a5 weH a5 the at~16ute name5 1n them. 7he f0H0w1n9 def1n1t10n 
capture5 th15 n0t10n. 
Def1n~0n ~ Def1ne the depth 0f a ~rm~a ~ ~ e ~  ~ 6e ~e max1mum 0f 
the dep~ 0f the at0m5 1n the ~rm~a.  Let C 6e the 5et 0f c0n~ant5 appear1n9 
~ ~. N0w, the d0ma~ 0f ~ den0ted a5 D0M(~),  ~ def1ned a5 ~H0w5. 
1f de~N~)  = 0, 00M(~)  = 
1f deptN~)  = 1, D0M(~)  = 
ff de~N~)  = 2, D0M(~)  = 
the ~d~M 
1f deNN~)  = 3, D0M(~)  = C ~ {51 5 9 a d~a6a5e name, rdaf10n name, 0r an 
a~f16ute name 1n the ~d~M 
1f de~N~)  = 4, D0M(~)  = C ~ {515 15 a d~a6a5e name, r~at10n name, ~-  
tr16ute name, 0r a vNue 1n the ~der~.  
C 
C ~ {515 ~ a data6a5e name 1n the federat10n} 
C ~ {515 15 a data6a5e name, 0r a rdat10n name 1n 
5AFE7v. We w0u1d 11ke the f0rmu1a5 0f -~c that we c0n~deL t0 ••pay a~ent10n 
t0 the d0m~n 0f the f0rmu1~" F0110w1n9 U11man ~5~ we ca11 5uch d0m~n 
1ndependent f0rmu1a5 a5 ••5afe f0rmu1a5." We f0rma11y def1ne 5afe f0rmu1a5 6~0w. 
F0r a f0rmu1a ~, var1a61e X, and c0n~ant a, ~[a/X] den0te5 the re5u1t 0f 
rep1a0n9 ~1 f1ee 0ccurrence5 0f X 1n ~ 6y a. 
Def1n1t10n 6V A f0rm~a ~ ~ -Y~c 15 5afe ~ 1t 5at15f1e5 the f0110w1n9 pr0pert1e5. 
• Each an5wer t0 ~ c0me5 fr0m D0M(~).  
• F0r each 5u6f0rmda 0f ~ 0f the f0rm (~X~ ~[a/X] ~ fahe re9ar~e~ 
0f the v~ue5 5u65t1tuted f0r 0ther ~ee vaf1a6~5 0f ~, ~a ~ D0M(~ 
• F0r each 5u6f0rm~a 0f ~ 0f the f0rm (~X~ ~[a/X] ~ true re9ar~e~ 0f 
the v~ue5 5u65t1tuted f0r 0ther ffee vada61e5 0f ~, ~a ~ D0M(~ 
We c~1 the ffa9ment 0f 5•" c c0~e5p0n~n9 t0 the 5a~ f0rmu1a5, 5afe .2~ c. 
7he f01~w1n9 ~mma5 are pr0ved ~ AppendN A.2. 
Lemma ~2 Every exp~5510n f ~.~ ~ ~pre5~6~  5afe ~c. 
Lemma ~ Every 5afe "~c 4uery can 6e expre55ed 1n 5afe ~.  
7he f0H0w1n9 the0rem 5tat1n9 the e4uN~ence 0f expre55Ne p0wer 0f ~9~¢, 
5afe ~,  and 5afe 5•" c, 15 a c0n5e4uence 0f Lemma5 6.1-6.3. 
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~rem ~1. ~e ~ ~ ~e~e5 ~pm~ ~ ~ ~pm~m ~ ~,  ~ 5~ ~Q 
pr0~am~ and ~ 5afe ~c ~u~5 a~ ~e ~me. 
PR00~ F0110w5 fr0m Lemma5 6.1-6.3. [] 
% APPL1CA710N5 0F  5CHEMAL06 
1n th~ ~ct10n, we 9~e a vaf1e~  ~am~ ~u~r~9 the p0wer and app~ca6~ 
~ 5chemaL09 ~r  data6~e ~09~mm~ ~hema 1me~ ~hema ~01ut~n, 
c00perat~e 4uery an5wer1n~ and a99~9~n.  We ~50 make a ca5e ~r  ad0~9 a 
u~rm framew~k ~r  ~hema 1nte9rat10n and ev~n and 1Hu~rate ~a exam- 
~e5 h0w 5chemaL09 c0u~ ~11 th~ need. 
2 1. Dam6a5e Pr09ramm1n9 and 5chema 8r0w51n9 
7he m~n advanta9e 0f 5chemaL09 f0r dam6a5e Fre9ramm~9 1~5 1n R5 f1m~1~ 
0f 5yntax wh~h 6uy5 ~ ea5e 0f p r09ramm~ Yet R5 h~he~0rder ~ntax 9Ne5 1t 
5uff1dent p0wer t0 expre55 c0m~ex 4uer1e5 1n a n~ur~ way thu5 6r1n~n9 pr0- 
9ramm1n9 d05er t0 ~t~f10m F0r 1n5tance 1et u5 take a 100k at the f0110w1n9 
exam~e 4uery ad0pted ~0m [1~. 
(03) ••F1nd the name5 0f a11 the 6~ary re1at10n5 1n w~ch the t0ken 40hn• 
appear~" 
7h~ 4uery can 6e expre~ed ~ H1L09, the f0110w1n9 way: ~° 
~t10n5( r ) ( X ) ~ X ( Y, 2 ) 
~a0n5(  2)(  X )  ~ X( Y, 2)  
~--~t10n5( j0f1n )( X ) . 
N0w, c0n~der a var1ant 0f Q3. 
(04)  ••F1nd the name5 0f a~ the re1at10n5 1n w~ch the t0ken 40hn~ appea~.~ 
R 5eem5 the 0~y way 5uch a 4ue~ c0~d 6e exp~ed 1n H1L09 15 6y wr1t1n9 0ne 
5et 0f ru1e5 f0r each ar1~ 0f the var10u5 re~t~n5 pre5ent ~ the data6a5e ~h15 
pre5upp05e5 the u5eF5 kn0w1ed9e 0f the ~hema 0f the data6a5eL 8y c0ntra5L 1n 
5chemaL09 t~5 4uery can 6e expre55ed 4u1~ de9ant1~ a5 f0110w5. 
m~a0~5 ( X, Rd)  ~ d6 :: Rd [ 1: A -~ X ] 
•--re1at10n5( •j0hn •, Rd ) . 
Here, we have c0n~dered the 4uery 1n the c0ntext 0f ju~ 0ne data6a5e. 1f a11 
data6a5e5 and rdm~n5 where •j0hn• 0ccur5 are 0f 1ntere5t, we c0~d wr1te the ru1e 
wherea60ut5(X, D8, Re1) ~- 08  :: Re1[1: A ~ X] 
and a5k the 4uery •--wherea60ut5(•j0hn•, D8, Re1). 
0n the 0ther hand, ff we 5pedf1c~ want the ~nary re1at10n5 1n wh~h ~0hn~ 
appea~ (4uery 03), the expre5510n f th15 4uery w0u1d 6e 1e~ ~re~ (and c0nd5e) 
~ 5chemaL09 than 1n H1L0~ ~ that the 5chemaL09 4uery u5e5 (5trm~ed) 
ne9~n.  
10 ~ddem~ ~e ~me ~0w5~9 ~pa6111~  ~h~e ~ F-10~c m0. 
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We 1eave ~ t0 the reader t0 jud9e wh1ch 0f the tw0 ~pe5 0f 4uer1e5 Q3 and Q4 
a60ve 15 m0re "~p1cN~ and pract1cN~ u5efu1. Fu~herm0re, ~ 5ect10n 7.5, we 
re~f t  4uery Q3 and 111u5trate h0w 5chemaL09 extended w1th a99re9ate funct10n5 
can expre~ tN5 4uery ~ a c0nc15e way (5ee ExamNe 7.4). 
Ne~, we pre5ent an0ther 1ntere5t1n9 pr09ram that dem0n~ra~5 the u5efu~e55 
cf 5chemaL09 f0r d~a6a5e p~09ramm~ Namra1j01n 15 a uN4~t0u5 0perat10n ~
d~a6a5e apN~at10n~ 7hN pr09ram dem0n~ram5 h0w 5ehemaL09 c0Md 6e u5ed 
t0 1nv0ke natura1 j01n 1n unc0nvent~na1, 6ut pract1cN~ u5efu1 5ett1n95. C0nf1der 
the 4uery 
(Q~) ~6Nen tw0 re~t~n5 r and 5 0n data6a5e d6), wh05e 5cheme5 are 
unkn0wn, c0mpute the1r natura1 j0~.~ 
~ N 06~0u5 that th15 4uery cann0t 6e expre~ed ~ da~N ~Nc. 1n 5chemaL0~ 
tN5 4uery can 6e expre~ed a5 f0H0w5. 
d6: : j~n( r ,5 ) [ f (U ,V) :  A -~X]  ~-d6::r[U: A ~X] ,  d6::5[V: 8 -~ Y1, 
~ n0nJ01na61e(U, V) .  
d6 : : j~n( r ,5 ) [ f (U ,V) :  A -~X]  ~-d6::r[U: 8 -~ Y],  d6::5[V: A -~X1,  
~ n0nJ01na61e( U, V) .  
n0nJ01na61e( U, V ) ~- d6 : : r[ U : A -~ X ] , d6 : : 5[ V : A -> Y ] , X * Y. 
1n th~ pr09ram, a pa1r 0f tup1e5 u,v fr0m r~at10n5 r and 5 re5pe~e~,  15 
re9arded n0nJ01na61e 1f r and 5 have a c0mm0n a~r16ute at~ 0n wh1ch u and v 
d~a9ree (ru1e 3). 1n M1 0ther ca5e5, they are re9arded j0~a~e. 7he j0~ rMe5 c0py 
aH c0mp0nent5 fr0m a pa~ 0f j0~a~e tup1e5. F0r each tup1e ~ the re5~t re1~ 
the 5u6-tu~e c0~e5p0nd1n9 t0 ~1~n r 15 c0mputed 1n r~e 1. R~e 2 c0mpute5 
the 5u6-tup1e c0~e5p0n~n9 t0 re1at10n 5.51nce the tup1e5 are j~na6~, they can 6e 
5a~ c0p1ed c0mp0nentw~e w1th0ut ~ar  0f ~c0nf~ency. 7~5 exam~e a150 
dem0n~ra~5 h0w tu~e~W5 can 6e u5ed t0 wrRe p0werfu1 yet ~e9ant 5chemaL09 
pr09ram~ 5ect10n5 7.4 and 7.5 c0nta~ m0re exam~e5 0f the u5e 0f t u ~  1n 
0ther c0ntext5. 
22  5chema 1nte9rat10n 
0ne 0f the re4u1rement5 f0r 5chema 1nte9rat10n 1n an MD85 15 d~ve10p1n9 a 
un1f1ed repre5entat10n f 5emant1ca11y fm1ar 1nf0rmat10n 5tructured and 5t0red 
d1fferent~ 1n the 1nd1v1dua1 c0mp0nent data6a5e~ 7he c0ncept 0f med~t0r wa5 
pr0p05ed 6y W~derh01d ~7] a5 a mean5 f0r 1nte9rat1n9 data f0m heter09ene0u5 
50urce5. 7he expre5f1ve p0wer 0f 5chemaL09 and 1~ a61f1ty t0 re501ve data/meta- 
data c0nf11ct5 u99e~5 that 1t ha5 the p0tent1~ f0r 6e1n9 u5ed a5 a p1atf0rm f0r 
deve10p1n9 med1at0r5. We 111u5trate 6 10w, h0w 5chemaL0(5 h~he~0xder 5yntax 
can 6e u5ed t0 ach~ve th15 1n the ca5e where the c0mp0nent data6a5e5 are 
rdat10n~. 
C0n51der the examp1e5 1n 5ect10n 2. 1t m19ht 6e ar9ued that 1n 0rder f0r an end 
u5er t0 u5e the 1an9ua9e f0r 4uery1n9 data6a5e5 6e10n91n9 t0 a federat10n, 5he ha5 
t0 6e aware 0f the 5chema5 6e10n~n9 t0 the 1nd1v1du~ data6a5e5 5he ~ 1ntere5ted 
1n. 7he 4uer1e5 d15cu55ed 1n 5ect10n 2 are 0n~ f0r 111u5~at1n9 the p0wer 0f the 
1an9ua9e. 7he 1dea 15 t0 u5e 5chemaL09 a5 a veh1c1e f0r f0rmu1at1n9 h~he~0rder 
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v1ew5 0ver the data6a5e5 0 that the u5er can ~ra~ w1th an ~rhce  wh1ch 15 
tran5parent t0 the ~fference5 1n the c0mp0ne~ data6a5e ~hema5. 
F0r ~5~nc~ c0nf1der the f0H0w1n9 exam~e ~ 0f h~he~0rder  ~ew def1ned 0ver 
the un~e~1~ derat~n 0f ExamNe 2.1. 
d6~w :: p[ f (  D, C, 5, un1~A):  depanment ~ D, cate9 ~ C, 
a•5a1 -~ 5, d6 ~ un1v•A ] 
~ un~A :: pay•1nf0[7: cate90~ --> C, dept ~ D, av9~5~ --> 5]. 
d6-~ew :: p [ f (  D, C, 5, un~8)  : depanment -~ D, cate9 ~ C, 
a~5~ -~ 5, d6 --, u~v~8 ] 
~ un1~,~8 ::pay•1nf0[7: cate90~  C, D --> 5], D ~ cate90~. 
d6-~ew :: p[ f (  D, C, 5, un~C)  : depa~ment ~ D, cate9 --* C, 
a•5a1 ~ 5, d6 ~ un~C ] 
*-- un~C :: D[ 7 : ~ate90~ C, av9~5~  5]. 
1n th15 exam~e, the ~1ew) re1at10n p 15 p1aced 1n a un1f1ed (der1ved) data6a5e 
c~1ed d6~w.  Here, p pr0v1de5 a un1f1ed ~ew 0f a11 c0mp0nent data6a5e~ 7h15 
~1u5trate5 the u5e 0f ru1e5 f0r def1n1n9 ~ew5. 7he 1dea 15 that a 1091c pr09ram can 
def1ne a un~ed ~ew 0f d1ffe~m ~hema5 1n a MD85, wh1ch can 6e c0nven~nt1y 
4uer1ed 6y a ~der~n u5er. 7he u5e 0f 1091c ru1e5 0ffer5 9reat f1e~f1~ 1n ~tt1n9 
up 5uch •ew5. 1n 11ke manneL a c0mp0nent data6a5e can 6e 5tructured u51n9 
5chemaL09 t0 c0nf0rm t0 the ~hema 0f an0ther data6a5e. 
7~5 appr0ach t0 un1~1n9 repre5entat10n5 1n c0mp0nent data6a5e5 06v1ate5 the 
need f0r a can0~c~ data m0de1 (5ee 5ect10n 1). 1n hct,  1n c0ntra5t w1th the 
CDM~a5ed appr0ach, th15 appr0ach aff0rd5 9reat f1e~6~1~ f0r m~nta1n~9 map- 
p1n95 a9~n~ chan9e5 t0 c0mp0nent mpre5entat~n5. 1n recent w0rk, 7uf1n1 et a1. 
([6, 39]) at the Un~erf1~ 0f ~5a have 1m~ememed a me~0r  1an9ua9e u51n9 
5chemaL0~ 
2~ 5chema Ev01u~0n 
5chema Ev01ut10n 15 the pr0ce55 0f a5f5t1n9 and m~nt~n1n9 the chan9e5 t0 the 
5chemat~ 1nf0rmat10n and c0ntent5 0f a data6a5e. 1t 15 a 50mewhat a6u5ed term 1n 
the data6a5e f1e1d, 1n that 1t ha5 6een 1nterpreted t0 mean d1fferent h1n95 6y 
d1fferent re5earcher~ Wh11e K1m [24] treat5 ve~10n1n9 0f 5chema f0r 0~e~ 
mana9ement a5 5chema ev01ut10n, N9uyen and R1eu [41] c0n51der the var10u5 
5chema chan9e 0perat10n5 and the a550c1ated c0n5e4uence5 a5 6e1n9 1t5 ma1n 
~5ue~ 0560rn [42] 9Ne5 50me 1ntere5t1n9 pe~pe~e5 0n the c0n5e4uence5 0f the 
p0~m0rph1c c0n5truct5 1n 0~ect-0r1ented data6a5e5 and h0w th15 a1d5 1n av01d1n9 
c0de ~v01uf10n.~ 
An 1mp0~ant 155ue 1n 5chema ev01ut10n 15 t0 pr0v1de ev01ut10n tran5parency t0 
the u5er~ where6y they w0u1d 6e a61e t0 p05e 4uer1e5 t0 the data6a5e 6a5ed 0n a 
(p055161y 01d) ver f0n 0f the 5chema they are fam111ar w1th, even 1f the 5chema ha5 
11 7h~ examp1e ~ an adaptat10n 0f a 51m11ar eXamNe 1n [2~. 
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eV0Ned t0 a ~fferent 5tate. 1n re1ated w0rk, U11man ~3] ar9Ue5 f0r the need f0r 
a110W~9 the U5er t0 6e 19n0rant a60Ut the 5trUCtUre 0f the data6a5e and p05e 
4Uer1e5 t0 the data6a5e W1th 0n~ the kn0W1ed9e a60Ut the a~66Ute5 (1n a11 
re~t~n~ 0f the data6a5e. 7h15 W111 make the fr0nt-end t0 the U5er m0re dedara- 
tNe, a5 5he ~ n0 ~n9er 60thered a60ut the deta~5 0f the data6a5e ~hemm A5 
p01nted 0ut 6y U11man, ~1 n~urM 1an9ua9e ~r face5  e~enf1M~ re4u1re a ~c111~ 
t0 han~e 5uch need~ 
C0n~der an ap~at10n wh~h ha5 5chema chan9e5 happen1n9 ~ a dynam~ way. 
Every t1me the 5chema 9et5 m0~f1e~ the p~e~0u5 ap~n pr09ram5 wf1~en f0r 
the data6a5e 6ec0me 1nvM1d and the u5er w111 have t0 rewr1te/m0d1~ them a~er 
••updat1n9•• her5eff a60ut the ~hema 5tatu~ We m~nt~n that an end u5er 5h0~d 
n0t 6e 60thered w1th the deta~5 a60ut the 5chema 0f the data6a5e 5he 15 u~n9, 
e5pe~M~ ff 1t keep5 chan~n9 0~en. A 6etter appr0ach w0u1d 6e t0 a55ume that 
the u5er ha5 the kn0w1ed9e 0f a pa~Mar  ~hema nd 1et her u5e th~ t0 f0 rmu~ 
4uer1e5 a9a~ the d~a6a5e, even af1er the ~hema ha5 6een m0~f1ed. 7he ~ea 15 
t0 5h~1d the m0~f1c~n5 t0 the 5chema 0f the data6a5e fr0m the u5er a5 much a5 
p0~161e. A5 a c0n5e4uence, 1t 5h0Md 6e p05~Me t0 m~nt~n currency and 
r~evance 0f ap~n pr09ram5 w1th very 11tf1e m0d~c~n5 t0 acc0unt f0r the 
chan9e5 t0 the 5chema. 
We ar9ue that a un1f0rm appr0ach t0 5chema 1nte9rat10n and ev0~f10n 15 60th 
de~ra61e and p05~61e. We ~ew the ~hema ev~uf10n pr0~em fr0m the 5chema 
1nte9rat10n p01nt 0f ~ew 1n the f01~w1n9 way. Each ~a9e 0f the 5chema ev~uf10n 
may 6e c0nceptuM~ c0n5~ered a ~fferent (data6a5e) ~heme that we are dea11n9 
w1th. 7he mapp~95 6etween d1fferent data6a5e 5chema5 can 6e def1ned u5~9 ~c  
pr09ram5 ~ a 5~ta~e h~he~rder  1an9ua9e 5uch a5 5chemaL0~ 7~5 ffamew0rk 
aff0rd5 the p05516111~ ~f 5chema-1ndependent 4ue~1n9 and pr09ramm1n9. 
We c0n~der an exam~e t0 ~u~ra~ 0ur appr0ach. 7~5 exam~e a55ume5 there 
ha5 6een n0 10~ 0f ~f0rmaf10n 1n the m~d~ 6etween d1fferent ~a9e5 0f the 
ev~ut~m 
71me t1: 
5Chema~: re1~( a~,a~2,a~3 ) re1~( a2~,a~ ) . 
71me ~ (current ~hema) : 
5Chema2: re1~( a11,a12 ) re1  ( , a13 ) re12( 
Rdaf10n re11 ha5 6een 5p1~ 1nt0 ~e11 and re1~ at t1me t2 (a55um1n9 the dec0mp05~ 
f10n 15 10554e55 j~ .  
1he ~H0w1n9 5chemaL09 W09~m def1n~ a mapp1~9 6etween 1he tw0 5chem~. 
~hema 1:: re1~[~X,  Y, 2) :  a11 ~X,  a12 ~ Y, a~3 ~ 2] 
~ ~hema 2:: re11[1• : a~ ~ X ,  a~2 ~ Y], 
~hema 2 :: re1~[ ~ : a~ ~ Y, a13 ~ 2]  
~hema~ ::re12[ f (  X ,Y ) :  a2~ ~ X ,  a22 ~ Y] 
<--5Chema 2 :: re12[1•: a21 -->X, a~ --~ Y]. 
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5upp05e the u5er ha5 a ~ew 0f ~hema~; 5he can 5t111 p05e 4uer1e5 w1th that ~ew. 
7he tran5f0~m~n Pr09ram w1H take care cf 1he ~1evant ev~ut~nary eat10n5h~ 
6etween the tw0 ~hema5. 8e5~e~ nce the mapp~9 6etween 01der ver~0n5 and 
ev~ved ver~0n5 0f the ~hema 15 m~nt~ned dedarat~e~ a5a ~c  pr09ram, the 
m~ntenance 0f ap~n pr09ram5 6ec0me5 much ea51er. 
0ne c0mpf1c~n that may ar15e 1n the c0ntext 0f ~hema ev~ut10n ~ that 
ev~ut~n m19ht ~v0Ne 50me ~ 0f (m~)1nf0rmat10n ~ay de~t10n cf attr16ute5). 
H0w can we pr0duce mea~n9fu1 an5wer5 t0 4uer1e5 (6a5ed 0n an 0~er ver~0n 0f 
the ~hemM w~ch ~e~r t0 5uch ~ ~f0rm~n~ We 5u99e~ a c00perat1~e 4ue~ 
an5we~n9 appr0ach t0 th15 pr0~em ~ the f0H0w1n9 5e~n.  
2 ~ C00perat1~e Query An5weffn9 
Re5ea~h ~ the area 0f c00peratNe 4uery an5wer1n9 (CQA) f0r data6a5e5 5eek5 t0 
pr0~de rdevant re5p0n5e5 t0 4uer1e5 p05ed 6y u5er5 ~ ca5e5 where a d~ect an5wer 
15 n0t very he1pfu1 0r ~f0rm~e.  An 0verv~w 0f the w0rk d0ne ~ th15 area can 6e 
f0und 1n 6aa~edand et ~. [1~. We ~50 c0n~der the a5pe~ 0f CQA, c0ncerned 
w1th an5wer1n9 4uer1e5 1n da~/kn0w1ed9e-6a5e 5y~em5 6y e~en~n9 the 5c0pe 0f 
the 4uery 50 that m0re ~f0rmat10n can 6e 9~hered ~ the an5wer~ a5 d~cu55ed ~
Cuppen5 and Dem~0m6e [15]. Re5p0n5e5 can 6e 9ener~ed 6y ~0~n9 f0r deta115 
that are re1ated t0 the 0r1~n~ an5wer~ 6ut are n0t them5eNe5 1~er~ an5wer5 0f 
the 0f1~n~ 4uery. 
C0n~der the ap~at10n 0f 5chema ev01ut10n ~u~ed ~ the prev10u5 ect10n. 
We ment~ned that 1n the ca5e 0f ev01ut10n 1nv01v1n9 1055 0f m~f0rmat10n,  f0r 
a 4uery that addre55e5 the ~ m~f0rmat10~ 0ne 5h0~d n0t ju~ return a 
d1re~ n~/~e an5we~ 6ut 5h0u~ pr0~de m0re r~evant ~f0rmat10n pe~n1n9 t0 
the 4uery. 7~5 c00per~e funct10n~1~ can 6e re~ed 1n 5chemaL09 a5 the 
f0~0w1n9 exam~e 1~u~rate~ 
Examp~ 21. 5upp05e we want t0 ca~u~ paa5 0f an ~d ~hem~ th~ are 
d~c0nt1nued 1n a new 0ne. N0te th~ va1ue5 ~ 0ne dam6a5e m~M weH c0~e5p0nd 
t0 pan5 0f the ~hema ~ the 0theL ~2 
7he f0110w1n9 5chemaL09 pr0~am c0mpu~5 ~e ~0m~ue~ pa~5 0f a 
~hema. 
1tem5(5chema, R) ~ 5chema :: R 
1tem5(5chema, A ) ~ 5chema :: R[ A ] 
1tem5(5chema,V) ~ 5chema:: R[1: A ~ V] 
d15c0~( 5new, X ) ~ 1tem5( 50~ , X ), ~ 1tem5( ~ew , X ) . 
Here ~ 15 ju~ ~raf1f1ed ne9~n.  ~r~,  1~m5 p~r5 up ~hem~ and the var10u5 
1~m5 0f ~rm~n th~ e~5 1n them: re1at10n am~, a~r16ute nam~, and thdr 
vMue~ 7hen d15c0nt ~m~y 5ay5 X 15 an Rem that ~ ~0nf1nued fr0m the 
t2 N0t1ce that the ~5ue 0f hav1n9 ••c0rre5p0ndence tame5•• 0r mapp1n9 6etween 01d name5 and new 
0ne5 a5 c0mm0n1y ar15e5 1n actua1 1mp1ementat10n a d ma1ntenance 0f federat10n5 can 6e 5uppre55ed 
w1th0ut 1055 0f 9ener~1ty, 6ecau5e 5uch ta61e5 w0u1d f1mp1y add 50me ed6 re1af10n5 t0 a 1091c pr09ram 
that map5 the 01d data6a5e t0 the new 0ne. 
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data6a5e. Em6d1~hment5 can 6e ea511y made t0 th~ 6a~c 1dea ff 1nf0rmat10n 0n 
when ce~a~ kem cf (m~a-)1nf0rmat10n wa5 de~d 0r d15c0nt1nued, were t0 6e 
kept. 1n 5uch ca5e5, ~ add1t10n t0 te111n9 the u5er ~t~5 ~em n0 10n9er e~5t5 1n the 
current data6a5e•• we can a150 te~ them when 1t wa5 dr0pped. A very ~m11ar 
appr0ach can ~50 6e taken f0r 1dent1~1n9 1tem5 w~ch are new~ ~0duced ~ 
5~ wh1ch never e~ed 1n 50~ d. 
7he 5ec0nd a5pect 0f CQA 0f 1ntere5t t0 u5 ar15e5 when we want t0 9ener~e 
re5p0n5e5 t0 4uef1e~ 6ut ~ ~ ~fferent fr0m the ear11er appr0ach ~ many way5, a5 
the f0110w1n9 exam~e 1~u5trate5. 7h~ exam~e w1~ ~50 ~u~r~e a very u5efu1 and 
p0werfu1 way cf 4uery~9 (~50 ~v01v1n9 5chema 6r0w~n~. 
Examp~ 22. C0n~der the 4uery 
(Q6) ~7e~ me ~1 a60ut ~0hn~ that y0u can p05~6~ f1nd 0ut fr0m the data6a5e." 
F0r ~m~1d~,  5upp05e j0hn• ~ a t0ken (1.e., ~ 15 0~y a v~ue) ~ the data6a5e we 
are c0n~def1n~ 7he f0H0w~9 pr09ram expre55e5 t~5 4uery (7 15 the t0ken 0f 
1ntere5tL 
(1) ~re5t(7,  R,1, A ,v )  ~-d6::R[1: x -~ 7, A~v] .  
(2) 1ntere5t(7, R,1, A,V) ~-1ntere~(7,5, J ,8 ,u) ,  d6:: R~:x  ~ u,A ~ v]. 
(3) 1nf0(7, R ,A ,v )~-~(7 ,  R,1, A ,v ) .  
Ru1e (1) 5ay5 ff t0ken 7 0ccu~ a5 a va1ue 0f a~f16ute x f0r tu~e 1 ~ re1at10n R, 
then the 5~up1e (7,  R, L A, v ) ,  where v 15 any (0the~ vMue 1n the tup~ where 7 
0ccur~ and A 1t5 ~u~ name, ~ 0f ~re~.  7he 5ec0nd rMe 5ay5 that ff a 
certa~ t0ken u 15 0f re1evance t0 7, then M1 5-tup~5 that are 1ntere5t1n9 w1th 
re5pe~ t0 u, are 0f 1ntere5t 0 7. Ru1e (3) ~mp~ c011ec~ tup1e5 0f 7, R, A ,v  
where 7 15 a t0ken, R 15 a re1at10n ame, A 15 an a~f16u~ name and v 15 a vMue 
(0f the a~f16ute A) wh1ch pe~Mn5 t0 t0ken 7. 
N0w, (under the ~mp1e a55umptMn that a11 ~f0rmaf10n a60ut j0hn~ 15 c0n- 
t~ned 1n a ~n~e data6a5eL the 4uery Q6 can 6e expre55ed a5 
•--1nf0(•j0hn•, R, A , V ) . 
1n 0rder t0 make the re5p0n5e f0r the a60ve 4uery much m0re mean~9fu1 t0 the 
u5e~ we can add the f0H0w1n9 ru1e t0 the pr09ram. 
(4) 5chema ~ch~1nf0( 7) :: R[1: A ~ V ] ~- ~ (  7, R,1, A, V ). 
7h15 ru1e 9ener~e5 a 5et 0f d~a6a5e5, each c0~e5p0nd~9 t0 a t0ken that appear5 
1n the ~put  data6a5e. Each 5uch data6a5e ha5 re1at10n5 c0nta1n1n9 th05e tu~e5 1n 
the c0~e5p0nd~9 re1at10n 1n the 1nput d~a6a5e, w~ch pen~n t0 the t0ken 
• ~e~ 0r ~dkect1~ 
A5 a r~ed 4uery, 0ne m~ht want t0 ver1~ wh~her tw0 ~dN~u~ 5ay J0hn• 
and ~ma~, ~ a data6a5e are re1ated. 1ndeed, 0ne m19ht even want t0 kn0w h0w 
they are re1ated. 7he 1dea 15 that j0hn• and ~ma~ are c0n51dered re1ated ff they 
60th appear ~ the 5ame tup1e 1n 50me re1~n,  where the re1at10n ~ an e~9 
d~a6a5e re1at10n 0r ~ 06ta~ed v1a a 5e4uence 0f e4u~01n5 fr0m e~5t1n9 re~t~n5. 
1n ad~f10~ the 0utput 5h0u1d ~50 ~dude the d~h 0f the e4u~01n and the 
5chema ~f0rmat10n th~ 15 e~ent1~ t0 the re1~n5h~ 6etween j0hn• and ~ma~. 
L061C AND AL6E8RA F0R 1N7ER0PERA81L17Y 1N MD85 133 
7he cha11en9e 15t0 expre~ tN5 4uery w1th0ut a d~N~d kn0w1ed9e 0f the ~hema 
0f the data6a5e. 1n 5chemaL0N tN5 can 6e reaN~ expre~ed a5 
d~e ~ : :~re5t [X -~ 7, ~5h~(R,A)  ~ V] ~d6: :  R[1: X~ 7, A ~ V]. 
d6,e ~ :: ~re5t  [X ~ 7, ~5h~(  e4u1j0~( P, R, 8,C) ,  A) ~ V] 
~ d6,~ w :: ~re5t [X -*  7, ~5h~(P ,  8)  -~ U], 
R[1: c - ,  u,  A - ,  v ] ,  
d6 ~ the e~9 d~a6a5e, wh~e d6~ 15 the new t created 0ne. 7he mem6er5Np 
~,  perf0rmed uNn9 preNca~ ~, make5 5ure n0 5~f j0~5 are perf0rmed, and 50 
• e c0mputat10n mrm~e5,  h 15 5tra19htf0rward t0wr1~ rMe5 t0 def1ne p~d~me 
1n. 0n the 0ther hand, f0r perf0rmance r a50n~ 0ne may even want t0 1m~ement 
~ a5 "6u11t-1n•• preNc~e. 7he ~Nt~n5h~ 6etween •j0hn• and ~ma~ can n0w 6e 
4uer1ed a5 
~--d6~ :: ~re5t[  X ~ j0hn•, R ~ ~ma~]. 
1n a m0re c0mNex ~tu~n where an 1~m N n~t kn0wn t0 6e a ~0ken (1.e., 1t c0u1d 
6e an attr16ute, re1at10n, 0r vMueL 0ne can eaN~ wr1te appr0pr1ate ru1e5 ~ 
5chemaL09 t0 6r0w5e/nav19ate thr0u9h the ~hema and c0mp11e the re1evant 
~f0rmat10n. We ~05e tN5 5ect10n 0t~9 that CQA (t09ether w1th ~hema 6r0w~ 
~9/nav19~n)  d0e5 1ndeed f1nd ~re5t1n9 apN~n5 ~ the c0ntext 0f a 
~deraf10n. E 9., ~0hn~ c0Md 6e an ~nm~n~ cr1m1na1(•) 0n wh0m ~f0rm~n 
may have t0 6e ~acked 0wn ~0m a ~f1m~M) MD85 0permed 6y 1nterp~. 7he 
p0~t 15 that 5chemaL09 15 w~1 e4u~ped t0 hand~ 5uch Ntu~n5.  7he 6nev~aM~ 
numer0u5 M1a5e5 0f ~0hn~ c0Md 6e captured a5 an ed6 r~n repre~nt~9 the 
c0rre5p0ndence mapNn95 6etween ame5 acr055 the c0mp0nent data6a5e5 0f the 
~derm~n. 
2~ A99re9a~0n 
A99re9ate fun~10n5 c0n5t1tute an 1mp0~ant funct10nM1ty 1n pract1cM data6a5e 
4uery 1an9ua9e~ 50 faL 0ur d15cu~10n5 and examp1e5 f11u~rat1n9 the expre~Ne 
p0wer 0f 5chemaL09 have mMn~ drawn up0n 1~ h~he~0rder feature~ 1n th15 
5e~10m we 1nf0rma11y d15cu55 chemaL09 extended w1th a99re9ate fun~10n5. We 
5ha11 5hcw h0w a c1ever man1pu1at10n cf tup1e-1d~ can 6e u5ed t0 expre~ p0werfu1 
a99re9ate c0mputat10n5. N0rm~1y, a99re9ate 4uer1e5 c0n~dered 1n the 1Rerature 
a5 we11 a5 1mp1emented 6yc0mmerd~ 5y5tem5 1nv0~e c01~1n9 the (mu1t15e~ 0D 
va1ue5 appear1n9 1n a c01umn (0r m0rel 9r0uped acc0rd1n9 t0 5pec1f1c cr1tef1~ and 
then app1y1n9 any 0f the 5y5tem 5upp11ed a99re9ate 0perat10n5-- 
a~9, c0unt, max, m1n, 5um. 7he crudM p01nt 15 that v~ue5 are retr1eved ff0m 
c01umn~ We ca11 5uch c0nvent10na1 a99re9at10n ~en1ca1 a99re9at10n f0r c0nve- 
n1ence. We 5h~1 5ee that n0t 0n~ 15 1t p05f161e t0 expre~ the c0nvent10na1 f0rm5 
0f 9r0up1n9 a5 1n 5QL, we can expre55 even n0ve1 (and pract1ca11y u5efu1) f0rm5 0f 
9r0up1n9 (and hence a99re9at10n) wh~h have n0 c0unterpa~5 1n5QL. 7hr0u9h0ut 
th15 5ect10n, we 5hM1 m~n~ c0nf1der a99re9ate 4uer1e5 1n the c0ntext 0f n0n-recur- 
f1ve 4uef1e~ 7he 5emant~5 0f a99re9ate 4uer1e5 1n dedu~Ne data6a5e5 (w~h and 
w1th0ut recur510n) 15 d15cu55ed 1n Ramakf15hnan et a1. ~0]. 8a5ed 0n th~ them~ 
the 5emant1c5 0f 5chemaL09 4uer1e5 w1th a99re9ate5 (wRh0ut recur~0n) can 6e 
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06ta1ned a5 f0H0w5. A 5chemaL09 ru1e w~h a99re9ate5 ~ 0f the f0rm 
d6 :: re1[ t1d: attr 1 ~ va1~ . . . . .  attr~ ~ ~a1~, a99Attr~ --, a99~( X~) . . . . .  
a99A~ ~ a99, (X . )  ] ~- (expre5510n). 
Here, t1d, attr~, a99Attr~, ~a1~ are term5 a5 u5ua1; a999 are 0ne 0f the u5uN a99re9ate 
funct10n5. 7he (expre5510n) 15 a c0njunct10n 0f any u5uN 5chemaL09 m01ecu1e5, 
pr09ramm1n9 and 6u~t~n pred1cate~ 7he 9r0up1n9 15 captured 6y the u5e 0f the 
tup1e 1d 6d 1n c0njunct10n w1th the a~r16ute name5 a99Attr v 5upp05e d6 and re1 
are 9r0und, f0r fmp11~ty. 7he re1at10n c0mputed f0r the head ~ 06ta1ned a5 
f0H0w5. (1) Let Y1 . . . . .  Y~ 6e the 5et 0f a11 var1a61e5 0ccurr1n9 1n the ru~ head. Let 
r 6e the rdat10n e0rre5p0nd1n9 t0 the 60dy 0f the ru1e. Let ~ ..... r~(r) 6e the 
pr0ject10n 0f r 0nt0 the c01umn5 c0rre5p0nd1n9 t0 the ar9ument5J 3 (2) Let 
7~ . . . . .  7p 6e the vaf1a6~5 am0n9 the Y•5 that appear a5 ar9umen~ 0f t1d 1n the 
ru1e head. Part1t10n the re1at10n ~ ..... r.,(r) 6a5ed 0n the va1ue5 0n c01umn5 
7~ . . . . .  7p. (3) F0r each 610ck 0f the part1t10n, c0mpute the mu1f15et 0f va1ue5 1n 
c01umn X~ that are a550dated w1th the atU16ute a99Attr~, and c0mpute the 
a99re9ate a99~ 0f th15 mu1f15et. F1nM~, a11 9r0und fact5 w1th the 5ame tup1e-1d t1d 
are mer9ed 1nt0 0ne tup1e 1n the 0utput. 5emant1c5 f0r the ca5e when d6 and/0r 
re1 are n0n9r0und 15 def1ned anM090u5~. 1n th15 papeC we make u5e 0f the 
1nf0rma1 5emant~5 a60ve. 1nve5t19at10n f f0rma1 155ue5 ar151n9 1n 5chemaL09 
4uer1e5 w1th a99re9ate5 15 6ey0nd the 5c0pe 0f th15 pape~ 
Examp1e 23. C0nf1der the re1at10n 1n F19ure 3 (wh1ch 15 a part 0f a data6a5e d6) 
5t0r1n9 1nf0rmat10n 0n pr1ce5 0f var10u5 t0ck5 at d1fferent exchan9e5 (p055161y 1n 
d1fferent c0untr1e5) 0n a day t0 day 6a51~ dur1n9 May 1995. 
VER~cAL A66RE6A710N. 0ur f1r5t examNe 15 the fmNe 4uery 
(Q7) ••F0r each m0ck, c0mpute 1t5 avera9e (dur1n9 May 1995) d0fn9 pr1ce at the 
70r0nt0 5t0ck exchan9e.•• 
7h15 4uery N a c0nvenf10nM a99re9ate 4uery expre55161e n c0nvent10nN 1an9ua9e5 
11ke 5QL. 1n 5chemaL0N 1t can 6e expre55ed a5 
t0r0nt0 :: av95t0ckPdce5 [ f (  5 ) : ~0ck ~ 5, a~,9P~ce ~ a~9 (P )  ] 
*- d6 :: 5t0ck1nf0[ 5t0ck -~ 5, t0r0nt0 -~ P ]. 
~3 7he re1at10n c0rre5p0nd1n9 t0 the ru1e 60dy can 6e c0mputed u51n9 (m1n0r adaptat10n5 t0) the 
funct10n5 V70A and A70V d15cu55ed 1n UHman ~4]. 
date 5t0ck X9e1 . . . . .  X9en 
01 51 50 48 
01 52 34 40 
02 51 35 39 
02 52 56 43 
F16URE 3. 5t0ck Exchan9e Data6a5e. 
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7he a60ve ru1e 1n5truct5 the 5y~em t0 retr1eve the (mu1t~et 00 d0~n9 pr1ce5 at 
the 70r0nt0 exchan9e f0r each ~0ck, and then c0mpute the avera9e. N0te the u5e 
0f the t1d f (5 )  t0 ach1eve an effect f1mHar t0 5QL•5 ~up6~ ~ck .~ 8ut a5 we 
5h~1 5ee, 9r0up1n9 u51n9 t1d•5 15 m0re p0werfu1 than 5QL•5 9r~up6¥. 
7he 4uery Q7 can 6e extended 1n var10u5 way5, depend1n9 0n the need and 
app1~at10n. F0r examp1e, 5upp05e we need t0 c0mpute a f1m~ar avera9e pr1ce f0r 
~0ck~ 6ut w.~t. et~ery exchan9e. 1f the num6er 0f exchan9e5 ~5ma11 and kn0wn t0 
the u5er a pr10r1, th15 can 6e expre55ed 1n the 06~0u5 way 1n 5QL. H0wever, 
5chemaL09 d0e5 n0t re4u1re c0mp1ete pr10r kn0w1ed9e 0f the 5chema 0n the pa~ 
0f the u5er. Re9ard1e~ 0f the num6er 0f exchan9e5 1nv0~e~ (~he can ~mp~ wr1te 
the 4uery 
a11X9e5 ::a~95t0ckP~ce5[ f ( 5): ~0ck --0 5, a~,9P~ce( X ) ~ at,9( P)] 
, -  d6 :: 5t0ck1nf0[ 5t0ck --, 5, X - ,  P ], X ~ ~t0ck, X ~ da~. 
7h15 ru1e create5 a data6a5e (0r ~ew) a11X9e5 and c0mpute5 f0r each exchan9e the 
avera9e pr1ce 0f each 5t0ck at that exchan9e. 
Next, 5upp05e that ~0ck1nf0 ~0re5 1nf0rmat10n pe~n1n9 t0 a wh01e yea~ 
5upp05e ~50 that there 15, 1n add1t10n, an0ther re1af10n 1n the data6a5e-- 
date52week5(D, W) ~ that map5 date5 1nt0 week num6e~. F0r examp1~ a55um1n9 
the f1nand~ year 5tart5 1n Apr11 and d05e5 1n March, we w0u1d expea 
date52week5(04-01-9~ 1) and date52week5(05-31-95,52) t0 h01d. N0w, c0nf1der the 
4uery 
(Q5) ••F0r each 5t0ck, c0mpute the week1y avera9e d0f1n9 pr1ce5 at each 0f the 
exchan9e5.•• 
7h15 can 6e expre55ed a5 
a11X9e5 ::week1yA~,95[ f ( 5, W): 5~ck ~ 5, weekN0 ~ W, av9P~ce( X ) ~ av9( P)] 
~ d6 :: 5t0ck1nf0[date ~ D, 5~ck ~ 5, X ~ P], X ~ 5~ck, 
X ~ da~, date52wee~( D, W) .  
H0R120N7AL A66RE6A~0N. C0nf1der the 4uery 
(Q9)  ••F0r each ~0ck, c0mpute 1t5 d~ avera9e d0f1n9 pr1ce acr055 var10u5 
exchan9e5.•• 
N0te that un~ke c0nvent10n~ a99re9ate 4uer1e5 wh1ch 1nv0Ne c011ect1n9 v~ue5 
0ccurr1n9 1n a c01umn (0r m0re) 6a5ed 0n 50me 9r0up1n9 cr1ter10n, th~ 1nv0Ne5 
c0~ect1n9 the v~ue5 appear1n9 1n a r0w• A9a1n, when the num6er 0f exchan9e5 ~ 
5ma11 and kn0wn t0 the u5er a pr10r1, 0ne can expre55 th15 4uery 1n 5QL. 1n 
5chemaL0~ w1th0ut a det~d kn0w1ed9e 0f the 5chem~ the u5er can expre55 Q9 
u51n9 the ru1e 
x9eW15eAv9 :: da11y[ 9( 5, D): da~ --, D, 5t0ck ~ 5, a~9P~ce ~ av9( P ) ] 
• -d6::5t0ck1nf0[date-~D, 5t0ck- ,5 ,  X - ,P ] ,  X~5t0ck ,  X~da~.  
14 ~dee~ ~N may 6e mN~ed ~ a ~UN ~0~ ~Nem~md ~ ~ e~emM ~nCf10n C~, 6m We 
m~ ~me ~0m ~ ~ ~ r ~  th~ R 15 ~c~e ~a a ~0~amm~9 p~c~e c~ ~ ~ 
~ k 5 (  D, W ~ 
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N0te that 6y the ch01ce 0f the t1d 9(5, D), the ru1e 1n5truct5 the 5y~em t0 perf0rm 
a h0~20nta1 a99re9a~0n. 7h15 4uery a55ume5 (rea50na6~) that 90ck and date 
un14ue~ determ1ne the c1051n9 pr1ce5 at each 0f the exchan9e5. 1n 0ther w0rd~ 
~0ck and date f0rm a key f0r the re1at10n 5t0ck1nf0. A5 an0ther examp1e, c0n51der 
the 4uery 
(Q~0) ••F0r each ~0ck f1nd the da1~ ma~mum and m1n1mum d0f1n9 pr1ce 0ver a11 
exchan9e5, a5 we11 a5 the exchan9e5 at wh~h 5uch pr1ce5 preva11ed.•• 
Even a55um1n9 a c0mp1ete kn0w1ed9e 0f the 5chemm whenever a num6er 0f 
exchan9e5 are 1nv01ved (wh1ch 15 a ~p1cN f1tuat10nL expre~1n9 th15 4uery 1n 5QL 
w0u1d 1nv0Ne wr1t1n9 a c0mp11cated pr09ram 1nv01v1n9 many temp0rary re1at10n5. 
1n 5chemaL0N th15 15 acc0mp1Nhed de9ant~. 
x9eW15eA99 :: da11y[ 9( 5, D): daw -,  D , ~0ck --, 5, 
max -~ max(P) ,  m1n ~ m1n( P )1 
~ d6 :: 5t0ck1nf0[ daw -~ D , 5t0ck -~ 5, X ~ P ], X ~ 5t0ck, X ~ daw. 
x9eW15eA99 :: da11y[ 9( 5, D): maxX9e ~ Xm~, m1nX9e ~ Xm~] 
:: da11y[ 9( 5, 2)):  max 
d6::  5 0ck1n 0[ date-  0,   0ck-  5, 
X~ ~ daw, X~ ~ 5t0ck, X~ ~ daw, X~ ~ ~0ck. 
7he f1~t ru1e c0mpute5 the da1~ max1mum and m1n1mum d0Nn9 pr1ce5 f0r each 
~0ck. 7he 5ec0nd ru1e der1ve5 the name5 0f the a~0Nated exchan9e5 6y chec~n9 
0ff the max1mum and m1n1mum pr1ce5 a9a1n~ the var10u5 exchan9e5 1n 5t0ck1nf0. 
N0te that tup1e5 0f the 0utput re1at10n da11y are a55em61ed p1ecemeM 1n that 
d1fferent ru1e5 c0mpute vNue5 0f d1fferent a~r16ute5. 7he a60ve ru1e5 a55ume that 
the da1~ max1mum and m1n1mum pr1ce5 0ccur at un14ue exchan9e~ ff thN 
a55umpt10n cann0t 6e made, 1t mean5 m0re than 0ne exchan9e c0u1d 05e at the 
max1mum and/0r m1n1mum pr~e f0r a ~ven 5t0ck. 1n th15 ca5e, the 0utput 0 the 
4uery 5h0u1d c0ntNn a tup1e f0r each exchan9e w1th the max1mum/m1n1mum 
d0~n9 pr1ce. We ~ave 1t a5 a ~mp1e xerd5e t0 the reader t0 m0d1fy the f1d u5ed 
1n the ru1e5 a60ve t0 ach1eve th15 effect. 
6L08AL A66RE6A~0N.  7here are f1tuat10n5 where we m~ht need t0 perf0rm 
a99re9ate5 0n (mu1t15et~ 0fvMue5 retr1eved ~0m p0~t10n5 m0re 9enerM than ju~ 
r0w5 0r c01umn~ A5 a f1r5t examp1e, c0nf1der 
(Q~) ••F0r each ~0ck and each week (num6eD, c0mpute the avera9e d0~n9 
pr1ce 0ver ~1 exchan9e5.•• 
7he 0mpm mme 4uery mu5t 6e cf me ~rm week1y(WeekN0, 5t0ck, Av9) w16 the 
06~0u5 mea~n~ 7he pmMem 15 ~ me mu1tN~ 0f vMu~ 0n wh~h me 
av~a~n9 mu~ 6e p~rmed ~r  a ~ven 5t0ck and week num6e~ N aauM~ 
c0nt~ned 1n a ~re~an9u1ar 610ck•• w1th~ the re1at10n 5mck1nf0. Whf1e ~ 15 n0t 
dear h0w 5uch 4uer1e5 can 6e exp~ed ~ 5QL at a11, the f01Mw1n9 ru1e ~ 
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5chemaL09 expre~e5 ~ ~ a 5tr~9htf0rward m~nne~ 
9106a1 ::week1yA11X9e5[ f (  5, W): 5~ck --, 5, week ~ W, a~9P~ce -~ a~9( P)] 
• ~ d6 :: 5t0ck1nf0[date ~ D, 5~ck ~ 5, X --, P], X ~ 5~ck, X ~ da~, 
date52week5( D , W ) . 
70 appre~a~ the effe~ 0f a~f16ute name5 1n ~f1uen6n9 the way ~ wh~h v~ue5 
are 9r0uped ~t0 mu1t15et5, n0t~e th~ the 5chemaL09 ru1e5 f0r 4uer1e5 Q8 and 
Q1~ are ~m0~ ~ent~.  1n pa~daL  the r~e 60d~5 are ~ent~ and the tu~e 
1d~ u5ed ~ the ru1e head are ~ent~.  H0wever, w~ Q~ c0mpu~5 a 5er1e5 0f 
ve~1c~ 0nvent10n~) a99re9~e5, Q~ c0mpute5 0ne ~06~ a99re9a~. 7~5 dr~ 
mat1c ~fference ar15e5 6ecau5e 1n Q8 ~d1v1du~ m~t15e~ 0f pr1ce5 are 9r0uped 
and a~0dated w1th the a~r16ute a~9P~ce(X~ f0r each exchan9e X, 6ef0re the 
avera9e 15 c0mputed. 1n Q~, 6y c0ntra5L aH the5e pr1ce5 are 9r0uped 1nt0 0ne 
m~t~ a~0dated w1th the a~f16ute a~9P~ce (a c0n~antL and then the (9106~) 
avera9e ~ c0mputed. 
A99re9~10n 0ver arN~a~ c~ct10n5 0f v~ue5 (retr1eved fr0m ~fferent re1a- 
t10n5 0r even data6a5e5) can 6e 4u~e c0nven~nt~ expre~ed ~ 5chemaL0~ a 
manner ~mf1ar t0 that ~u~ra~d 6y the exam~e 0f 4ue~ Q11. 
We ca11 5uch a99re9at10n 0ver a r~a~ c011ect10n5 9106a1 a99re9a~0n. N0te that 
~ 9ener~, the ~06~ a99re9at10n cann0t 6e 51m~ed 6y a 5e4uence 0f h0r120nt~ 
and ve~ a99re9~n~ 7~5 ~ the ca~e when the a99re9~e fun~n ~ nm 
~d~f1v¢" Avera9e ~ an exam~e 0f a n0n-ad~tNe funct10n. F0r 1n~ance, 
a~9~L ~ ~ 5, ~)  = 4 ~ a~9( a~,9~ ~ a~9~ ~ ~ = 3.75. 
0ur 1a5t exam~e 0f th~ 5e~n 1Hu5trate5 h0w the c0ncept 0f af1~ 0f p red~e5 
can 6e de9ant~ captured 1n 5chemaL0~ 
Examp• 2~ Re~t  4ue~ Q3 ~F1nd ~e nam~ 0f aH ~e 6~a~ ~t10n5 ~ wh~h 
~e ~ken •j0hn• appea~ f0m 5ect10n 7.1. We n0w 5h0w h0w th~ 4ue~ can 6e 
expre55ed ~ a 5ucdn~ manner ~ 5chemaL06 7he 1dea ~ t0 make u5e 0f a 
~em~ rdm~n def1ned u~n9 5chemaL09 w1th a99re9at10n, caHed aff~. 7h~ 
rdeat10n w0~d m~nt~n ~f0rm~n 0n the a~ 0f each r~af10n 0n each 
dma6a5e) ~ the ~der~n.  7he f0~0w1n9 pr09ram ~1u5trate5 h0w th15 re1at10n 15 
def1ned and h0w ~ ~ ut11~ed f0r expre5~n9 4ue~ Q3. 
~5~m :: a~[ f (D ,  R~ d6 -~ D, re1 ~ R, a~ ~ c0un~A~ ~- D :: R[A]. 
wherea60ut5(X, D R ) ~ D :: R[ A -~ X ~ ~5~m :: a~[  d6 ~ D , e1 ~ R, a~ ~ ~. 
•--wherea60ut5(j0hn, D8, ~e1). 
We c~5e th~ 5e~n 6y n0t~9 thm, u~n9 the p0wer 0f ~9he~0rder var1a~e5 
and 6y a dever ma~pMm~n 0f f1d•5 f0r 9r0up1n9, the u5er can expre55 a rather 
p0werfu1 da55 ~f a99re9me c0mpm~n5 ~ 5chemaL0~ 7he~ remark5 h~d even 
when the 5uke 0f 6a5~ a99re9a~5 (av9, c0unt, max, m~,  5um) ava11a6~ n0rmM 
1m~ementat10n5 were ~ 6e au9mented w1th cther fun~n5 1m~emented ~a 
e~ernM fun~n ca115. 
7he dynam~ re~ru~ur1n9 and h0r120ntM 0r 610ck a99re9m~n capa611~e5 
0ffered 6y the f1e~Me ~ntax 0f 5chemaL09 1nd1cate that 5chemaL09 can 6e u5ed 
t0 deve~p a the0ret1cM f0undm~n f0r 0LAP (0n-L1ne Ana1yt1ca1 Pr0ce5~n9) 
~14~ a f1ed~9 ~chn~09y w1~ ~emend0u5 pra~M p0tent1a1, ~c~n9 dear 
f0undm~n5. 1ndee~  [1~, we 5h0w that the 4ueff1n9 and re~ru~ur1n9 capa6111- 
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t~5 0f 5chemaL09 can 6e ~5u~ed 1n term5 0f f0ur fundament~ re~ru~uf1n9 
~9e6r~c 0perat0r~ au9mented 6y da~ ~9e6r~c 0perat0~. We deve10p 5uch 
an ~9e6ra 1n the c0ntext 0f a tw0-d1men510n~ data m0de1 c~d the m6u~r dam 
m0de1 and W0ve that 1t 15 c0mp1ete f0r ~1 9enef1~ c0mputa61e ~an5f0rmat10n5. 
We 5h0w that the ta6u1ar data m0dd and the ta6u1ar ~9e6ra can 5erve a5 a 
f0undat10n f0r 0LAP. 1n [30], we deve10p a 1an9ua9e c~d 5chema5QL, draw1n9 
0n the 1n5pffat10n fr0m the 5chemaL09 exper1ence. We ~50 ~1u5trate the u5efu1- 
ne55 0f 5chema5QL f0r 0LAP app11cat10n5. 
8. C0MPAR150N W17H 07HER L061C5 
7he n0t~n 0f ~h~he~0rderne5~ a~0dated w1th a 1091c ~ f1~def1ned. Chen et M. 
[1~ p01nt h~ 0ut and pr0v1de a c1ear da5f1f1cat10n f 1091c5 6a5ed 0n the 0rder 0f 
the1r 5yntax and 5emant1~. 1t15 9ener~ 6ef1eved that h~he~0rder 5yntax w0u1d 
6e 4u1~ u5efu1 ~ the c0ntext 0f 0~e~-0f1ented data6a5e~ data6a5e Pr09ramm~ 
and 5chema ~9r~n.  1n th15 5e~n,  we c0mpare 5chemaL09 w1th e~5t1n9 
h~he~0rder ~ .  We a150 c0mment 0n the ~de5~n ded5~n~ made ~ the 
devd0pment 0f 5chemaL09. 
H~L06. H1L09 (Chen et M. [12~ 15 a p0werfu1 1091c 6a5ed 0n h~he~0rder 
5yntax 6ut w1th a f1~60rder 5emant1c5. Parameter5 are af1ty1e55 1n th9 1an9ua9e 
and the d1~1nct10n 6etween pred~at~ fun~10m and c0n5tant 5ym6015 ~ d1m6 
nated. H1L09 term5 c0u1d 6e c0n~ru~ed ~0m any 10~cM 5ym601 f0110wed 6y any 
f1n1te num6er 0f ar9umen~. H1L09 a150 61ur5 the d1~1n~10n 6etween the at0m5 
and term5. 7hu5, the 1an9ua9e ha5 a p0werfu1 5ynta~ expre551~ty and f1nd5 
natur~ app1~at10n5 1n numer0u5 c0ntext5 (5ee [12] f0r deta11~. H1L09 ha5 a 50und 
and c0mp1ete pr00f the0ry. Reference [11] d15cu55e5 the app1~a61f1~ 0f H1L09 a5 a 
data6a5e pr09ramm1n9 ~n9ua9e. 7he h19he~0rder 5ynta~ feature5 0f the 1an- 
9ua9e f1nd 1ntere~1n9 appf1cat10n5 f0r 5chema 6r0w51nN 5et 0perat10n~ and a5 an 
1mp1ementat10n veh1de f0r 0~ect-0r1ented 1an9ua9e5. Fr0m the ~ewp01nt 0f 
MD85 1nter0pera6~1ty, th0u9h H1L09 ha5 the c0ncept 0f ar1ty1e55-ne5~ the1ack 0f 
a mean5 1n ~5 5yntax t0 refer t0 ••p1ace5" c0rre5p0nd1n9 t0 a~f16ute5 0r ••meth0ff• 
name5 make5 1t cum6er50me t0 expre55 4uer1e5 that ran9e 0ver mu1t1p1e data6a5e5 
(0r even mu1t1p~ rdat10n5 w1th1n the 5ame data6a5e--5ee 5 ct10n 7.1). Hence 
H1L09 (w~h0ut fu~her exten5~nD 5eem5 t0 6e un5uRa61e f0r the purp05e 0f 
1nter0pera6111~. 
F-L061C. K1~r et a1. [21] pm~de a ~NCM ~undat10n ~r  0~e~r1emed 
data6a5e5 Uf1n9 a 1091C C~1ed F4091~ ~ke H1L09, F-10NC 15 a 109~ W1th a 
h~he~0rder ~ntax 6Ut a f1~t-0rder ~mant1C5. ~57he 10NC ~ p0werfU1 en0U9h t0 
Capm~ the 0Ne~mf1emed n0t10n5 Cf C0mNeX 0~e~ da~e~ ~pe5, me~0d5, and 
1nher1tanCe. F409~ ~50 ha5 a ~hema 6mw5~9 NC~1~ Wh1Ch 1nt5 at the p0~-  
1W 0f ~5 ap~n f0r 1nt~0p~a6f11~. ~he 5yntax cf F4091~ uM1ke ~ 0f 
5chemaL0~ wa5 n0t de~9ned wkh 1ntempe~6111W a5 0ne 0f the mMn 90M5. 7hu5, 
u51n9 F-M~c ~r  MD85 M~r0pe~W adm1~ 5everM a~ernatNe~ depend1n9 0n 
15 When n0nm0n0t0n~ m~h0d mhef1~nce ~ n0t c0n~dered .  
L061C AND AL6E8RA F0R 1N7ER0PERA81L17Y 1N MD85 139 
h0w an MD85 15 m0dded w1th1n F-10~c 5yntax. 1n [28] we unde~ake a detaf1ed 
~udy 0f the var10u5 p0~16111t~5 f0r m0dd1n9 MD85 1n F-1091c a5 we11 a5 0ther 
pr0p05ed h~he~0rder 10~c5 and c0ntra5t he5e appr0ache5 w1th the 5chemaL09 
6a5ed appr0ach f0r 1nter0pera6111ty. 8a5ed 0n 0ur ana~f1~ we have der1ved the 
f0110w1n9 c0ndu~0n5 1n re5pect 0f appr0ache5 6a5ed 0n F -10~ F0r fu~her 
detaf1~ the reader 15 referred t0 [28]. Every appr0ach 6a5ed 0n F-1091c 5uffe~ fr0m 
e~her 0r 60th 0f the f0110w1n9 draw6ack5 (wh11e a11 0f the F-109~ 6a5ed appr0ache5 
kn0wn t0 u5 5uffer fr0m draw6ack 1). 
. 
. 
~Acce~ path•• ~0~t10n. 1n the c0ntext 0f 1nter0pera6111ty 1n an MD85, 1t 15 
natur~ t0 re4u~e that a reht10n cann0t 6e referred t0 w1th0ut a~e~1n9 the 
e~ence  0f a data6a5e 1t 6e10n95 t0, and an a~r16ute cann0t 6e refe~ed t0 
w1th0ut 1nd1cat1n9 a re1at10n 1t 15 def1ned 0n, and 50 f0~h. 7he 5yntax make5 
~ 1mp0~161e t0 enf0rce th15 acce55 path at the 1an9ua9e 1eve1. 
C105ure pr0perty ~10~t10n. Any a~empt at captur1n9 1nter0pera6111ty 5h0u1d 
en5ure that a fu11 at0m 5pe~fY1n9 the e~ence  0f a data6a5e ha~n9 a certa1n 
va1ue f0r ~ven re1at10n, attr16ute, and t1d, need5 t0 1mp~ an expre5f10n that 
a55ert5 the e~ence  0f the data6a5~ the re1at10n etc. 1n 5chemaL0~ th15 
n0t10n 15 natura11y captured 1n the m0de1 the0ry. Many 0f the appr0ache5 
6~5ed 0n F-10~c d0 n0t enf0rce th15 pr0perty w1th1n the 10~c 1~e1L ma~n9 1t 
nece55ary t0 wr1te pr09ram5 t0 enf0rce 5uch c0n5tra1nt5. 
7h0u9h 5chemaL09 u5e5 50me c0ncept5 and 50me techn14ue5 ~mf1ar t0 th05e 
u5ed f0r H1L09 and F-1091~ 1t ha5 50me 1mp0~ant techn1ca1 d1fference5 wh1ch 
1ndude the f0110w1n9: 
(~) 
(2) 
Funct10n 5ym6015 1n 5chemaL09 are 1nterpreted extenf10n~1y, wherea5 1n 
H1L09, they are 1nterpreted 1ntenf10n~. 7h15 feature ~10w5 the c1a551ca1 
techn14ue5 f0r 5k01em~af10n (and hence pr00f pr0cedure) t0 6e u5ed f0r 
5chemaL09 (wRh m1n0r m0d1f1cat10n5 t0 acc0unt f0r 1t5 5yntax and the 
n0t10n 0f a d05ed ~ru~ure~ 
5chemaL09 feature5 p05~10n 1ndependence (ach1eved 6y u51n9 a~f16ute 
name5 and tup1e 1d~. P0~t10n 1ndependence ~10w5 u5 t0 19n0re the 
ar9ument p0~t10n5 0f re1at10n5 1n a data6a5e; they can 6e refe~ed t0 
unam6~u0u~y thr0u9h the1r name5. H1L09 15 p05~10n dependent. Wh11e 
F-10~c 15 p0f1t10n 1ndependent (1 ha5 name5 f0r 1~ meth0d5/attr16ute5L the 
way the 5chemaL09 5emant~ 5tructure 1nterpre~ the a~f16ute name5 15 
519n1f1cant1y d1fferent fr0m the way the F-1091c 5tructure 1nterpret5 1t5 
meth0d name5. 7h15 ~ ~ue even ff 0ne ~r1p5 0ff 0) th05e a5pe~5 0f an 
F-1091c ~ructure wh1ch are needed 0n1y f0r th05e meth0d5 wh1ch take 
ar9ument5 (unf1ke the a~r16ute5 0f a re1at10n) and (11) the a5pe~5 needed 
m~n1y f0r 1nher1tance. 
H0L. A ~9he~0rder 1an9ua9e f0r c0mput1n9 w1th 1a6e1ed 5e~ 15 1ntr0duced 1n 
Manchanda ~8]. 7he 1an9ua9e 5upp0~5 ~ru~ured ata, 0~ect-~ent1ty, and 5e~. 
7h15 ~50 6e10n95 t0 the a60ve da~ 0f 1an9ua9e5 1n that 1~ 5emant~5 1 f1~0rde~ 
7h~ paper ~50 f11u5tr~e5 a ~mp1~e mecha~5m t0 def1ne the dam6a5e 5chema. 
8ut ~ 15 n0t 06v~u5 h0w t0 e~end t~5 1an9ua9e ~0 a framew0rk wh~h w0u1d 
5upp0~ 4ue~e5 0ver ~9he~0rder 0~e~5 acr055 m~f1~e data6a5e5. 
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C0L. A61te60~ and 6rum6ach [1] 1n~0duce a ~c  ca11ed C0L f0r def1n~9 
and ma~p~9 ~0m~ex 0~e~5. C0L ac~eve5 the funct10n~1~ f0r man~-  
~9 c0m~ex 0~e~5 6y 1n~0dudn9 what are ca11ed (6a5e and der1ved) ~d~a 
funcf10n~" 7he 5yntax a5 we~ a5 the 5emant1c5 0f C0L ~ ~9he~0rder. 7he 5yntax 
d0e5 n0t 5upp0~ the c0n~ru~5 nece~ary f0r 1nter0pera~f1~. 
APPR0ACH 8A5ED 0N ANN07A7ED L061C. 1n recent w0r~ 5u6rahman1an ~ 
ha5 ~ud1ed the pr061em 0f 1nte9rat1n9 mu1t1p1e dedu~e data6a5e5 featur1n9 
1nc0n~ende5, unce~a1nf1e~ and n0nm0n0t0n1c f0rm5 0f ne9at10n. He pr0p05e5 
an appr0ach 6a5ed 0n ann0tated 10~c5 ([49~ ~,  [23~ f0r reM121n9 a ~medht0ff~ 
6etween the c0mp0nent kn0w1ed9e-6a5e5. We 065erve that the c0ntr16ut10n 0f th15 
paper neat~ c0mp~men~ that 0f 5chemaL09 f0r data 1nte9rat10n, 1nthat 5chema- 
L09 hdp5 re501ve c0nf11~5 ar1~n9 fr0m data/meta-data 1nterp1ay wherea5 u6rah- 
man1aff5 framew0rk M10w5 t0 hand1e 1nc0n~en~e5 6etween ~he data 1n) c0mp0- 
nent data6a5e~ We can ea51~ au9ment the framew0rk 0f 5chemaL09 e~her w1th 
ann0tat10n5 (1n the 5p1r1t 0f ann0tated 10~c5) 0r w1th the 1nf0rmat10n 50urce 
7rack1n9 framew0rk ~ud1ed 6y 5adf1 and Lak5hmanan ~8], ~ .  7he re5u1t1n9 
1an9ua9e w111 6e p0werfu1 en0u9h t0 hand1e 60th k1nd5 0f 1nc0n~en~e5. 
7HE 5CHEMAL06 APPR0ACH. 1n pr1ndp1e, 0ne C0U1d aU9ment H1L09 0r F-10~C 
W1th the faC111t1e5 f0r nam1n9 1nd1v1dU~ 5Chema5 a5 We11 a5 nam1n9 atff16Ute5 f1n 
the Ca5e 0f H1L09). 1n 0Ur pr~e~, We have Ch05en t0 5tart fr0m a ~neU~ 20ne•• 
and try t0 6U~d a 10~C that 15 a5 51mp1e a5 p05~61e Wh1~ effe~e1y 501V1n9 the 
pr061em 0n hand. 0ne 0f the 6enef1t5 0f th15 appr0ach a5 6een W1th re9ard t0 
ea5e 0f 1mp1ementat10n (5ee 5eCt10n 9). 7he deve10pment Cf a rehf10n~ Ca~U1U5 
1n5p1red 6y 5ChemaL09 5yntax and 0f an a19e6ra W1th an e4U~ent  eXpre~e 
p0Wer ha5 had a 5~0n9 1mpa~ 0n the ea5e and eff1denCy 0f 0Ur 1mp1ementat10n 0f 
5ChemaL0~ 1n ~3] ~ ha5 6een p01nted 0Ut 6a5ed 0n 1mp1ementat10n eXper1enCe 
that there are many d1ff1CU1t1e5 1n1mp~ment1n9 F-10~C W1th 1t5 C0mp1eX 5emant1C5 
and pr00f-the0ry. 1ndeed, th15 ha5 1ed 50me re5earcher5 t0 1nVe5t19ate 1mp1ementa- 
t10n5 0f 1an9ua9e5 6a5ed 0n re~r1cted ver510n5 0f F-1091c Q1~L We are n0t aware 
0f an ~9e6ra c0rre5p0nd1n9 t0 (even re~f1~ed verM0n5 00 F-10~c. 5ec0nd, f0r 
extend1n9 5chemaL09 t0 cater f0r 00  data m0d~, there ~ rea11y n0 need t0 
1nc0rp0rate a11 the feature5 0f 00D85 w1th1n the 10~c: we 51mp1y need a c0n5tru~ 
wh~h w111 a~ a5 an ••1nterface•• t0 an 00D8 and retr1eve 1nf0rmat10n fr0m R. 7he 
det~15 0f h0w, the r1ch feature5 0f an 00D8 are m0d~ed can 6e ~f1 0u~1de the 
1an9ua9e 50 far a5 the purp05e 0f 1nter0pera6111~ 90e5. We ~50 remark that 
ma~n9 5chemaL09 af1ty1e55 01ke H1L09) (~50 5ee d15cu5~0n5 0n m01ecu1ar 
pr09ram5 1n 5ect10n 5) pre5ent5 n0 pr061em5 f0r the 5emant~5. 1n th15 pape~ we 
have ch05en t0 keep the 10~c n0 m0re c0mp1ex than nece55ary f0r the pr061em 
~ud1ed here. We remark that even w1th th15 Mmp11c1ty, 5chemaL09 appear5 t0 6e 
4u1te p0werfu1 and ea5y t0 pr09ram 1n, f0r 5ever~ app1~at10n5 (5ee 5ect10n 7). 
~ 1MPLEMEN7A710N 
1n th~ ~ct10n, we 6r1ef1y d~cu~ 0ur 1m~ememat10n 0f He 4uery1n9 fra9mem 0f 
5chemaL09 0n an MD85 c0n515t1n9 0f~hem~ ~5p~e 1N6RE5 d~a6a5e~ 
1n pr1n~ we can u5e the e4u~Mence t0 p~d~e c~c~u5 (5ect10n ~ t0 rea112e 
an 1mp~me~n 0n P~109. 8~,  5uch an 1m~ememat10n w0~d deaf1y 6e 
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~eff1Nent--the ~5t1n9 federat10n w0Md need t0 6e ~ewf1~en t0 a f1r5t-0rder, 
reduced f0rm--an expen~ve pr0ce55 ~ 1t5~ff 1n~ea~ we ad0pt the f0110w1n9 
appr0ach. 
7w0 1mp0~ant a5pect5 0f 5chemaL09 are(D h~hev0rder ~ure5  t0 acce55 
5chema Mf0rmat10n fr0m m~t1p1e dMa6a5e~ and (f1) recur~0n. A 5~f1cant 
feMure 0f 0ur 1m~ementat10n ~ that the5e tw0 a5pe~5 are han~ed Mdependenf1~ 
7he 5chema ~f0rmat~n ~ man~a~d u~n9 0perat0~ 0f the ~.~"  (5ect10n ~) 
rea112ed ~a the 1N6RE5 Em6edded-5QL (E5QL) and, the dedu~e D8M5 
C0RAL ~4] ~ u5ed f0r recu~e 4uery pr0ce5~n9. 
Pha5e 1 0f 0ur 1m#ementat10n ~ c0ncerned w1th e~ra~1n9 the 5chema re1ated 
~f0rm~n 0f data6a5e5 ~ the federat10n and c0nvert1n9 ff t0 a ~f1~V0rde~ f0rm. 
7h15 pha5e e55ent1M~ make5 u5e 0f the extended M9e6ra (~)  d~cu55ed ~ 
5ect10n 6.7he 1mp1ementat10n c0mpf1e5 the 5chemaL09 pr09ram ~t0 an M9e6ra~ 
f0rm. 0pt1m12at10n5 5u99e~ed 6y the pr0pe~5 0f the M9e6rMc 0perm0~ ([29]) 
~re em#0yed ~0 m~1m1~e the ~0~ 0f ~h~9 the m~f0rmM~n a5 we11 a5 10 
reduce the am0unt 0f ~f0rmat10n that need5 t0 6e pr0ce55ed ~ Pha5e 2. 1n the 
5ec0nd pha5e, the ~rence  en#ne 0f C0RAL and ff5 r1ch 5u~e 0f recu~e 4uery 
0pt1m~at10n ~ra~#e5 are exp1~d f0r eff1~ent 4uery pr0ce5~n9. 7he 5y5tem 
5p0~5 a ~ea5ant u5er 1nterface capaM~ am0n9 cther th1n95, cf a 5chema 6r0w51n9 
~c111ty. Deta115 0f th15 1m#emen~t10n are d~cu55ed ~ ~1, 43]. 
A5 dem0n~ra~d 1n th15 1mp1ementat~ he ~m~1c1ty 0f 5chemaL09 ha5 
re5~d 1n an ~e9ant de5~n, and ~ ff5 ea5y rea112at~n even w1~ ~e framew0rk 
0f cument m~t10na1 dam6a5e ~5~m5. 0ur 0n901n9 w0rk ~v0~e5 u5~9 the data6a5e 
~0ra9e mana9er EX0DU5 [8] f0r ~0f1n9 the 0utput 0f Pha5e 1. We expe~ th15 t0 
f1e1d a ~9n1f1cant 9a1n ~ perf0rmance, a5 C0RAL ha5 a ~rect 1nterface t0 
EX0DU5 f0r ~0rn9 and ma~p~at1n9 per~5~nt r~M~n~ 0ur 0n9~n9 1m~e- 
mentaf10n 1ndude5 the fu11 p0wer 0f 5chemaL09 pr09ramm~9 1an9ua9e (a110w~9 
5chemaL09 m~ecu1e5, ~5 0pp05ed t0 ju~ pr09ramm~9 pred~me~ r~e head~. 
1~ C0NCLU510N5 AND FU7URE RE5EARCH 
7he 0~ect1ve 0f th~ w0rk ha5 6een t0 ~udy the f0undat10n5 0f the 1nter0pera6111ty 
1~ue5 af1~n9 1n mu1t1-data6a5e y~em9 W1th th15 1n m1nd, we have deve10ped an 
e1e9ant 10#c cMMd 5chemaL0~ 7he ~mp1e yet f1ef161e 5yntax 0f 5chemaL09 
make5 ff p05f161e t0 expre55 p0werfu1 4uer1e5 and pr09ram5 1n the c0ntext 0f 
c0mp0nent data6a5e 1nter0pera6f11ty. 5chemaL09 treat5 the data 1n a data6a5~ the 
5chema 0f the 1nd1~duM data6a5e5 1n a federat10m a5 we11 a5 the data6a5e5 them- 
5e~e5 a5 f1rm da55 dt~en~ 7h~ make5 5chemaL09 (5yntact1ca11y) h19hev0rder. We 
have deve10ped a 51mp1e f1r~-0rder 5emant1c5 f0r 5chemaL0~ 6a5ed 0n the 1dea 0f 
mak1n9 the 1ntenf10n5 0f h~hev0rder 0~e~5 exp11c1t n the 5emant1c 5tru~ure and 
mak1n9 the h~hev0rder var1a61e5 ran9e 0ver the5e 1nten510n5 rather than the 
exten~0n5 they ~and f0r. We have a150 deve10ped a f1xp01nt the0ret~ and 
pr00Vthe0ret1c 5emant1c5 0f 5chemaL0~ 1n fa~, the ffamew0rk can 6e extended 
t0 1nc0rp0rate he var10u5 f0rm5 0f ne9at10n exten~ve~ ud1ed 1n the 1fferature 0f 
deduct~e data6a5e5 and 10#c pr09ramm1n9 (5ee ~7] f0r a 5urvey), n0ta61y 5trat1- 
f1ed ne9at10n, w1th0ut much d1ff1cu1ty. We have ~ud1ed an exten~0n 0f da~M 
rdaf10nM M9e6ra that 15 capa61e 0f man1pu1at1n9 60th 5chema and data 0f 
c0mp0nent data6a5e5 1n a federat10n, and e~a6h5hed R5 e4u~Mence t0 a f0rm 0f 
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rdaf10n~ c~cdu5 ~5~red 6y 5chemaL09 5yntax. We have ~50 6r1ef1y d~cu~ed 
0ur 1mp1ementat~n 0f a pract1ca11y u5efu1 fra9ment 0f 5chemaL09 0n an MD85 
c0nf1~1n9 0f 1N6RE5 re1at10na1 d~a6a5e~ 
Even th0u9h 5chemaL09 15 4~ f1m~ 0ur ~udy (and 0ur exper1ence) 
~c~e5 th~ ~ ha5 a r1ch expre~e p0wer ma~n9 ~ ap~a~e t0 a vaf1e~ 0f 
pr0~em5 ~dud~9 ~m~0pera~f1~, d a6a5e pr09ramm1n9 (w1th 5chema 6r0w5~9), 
5chema 1nte9rat10n and ev01ut10n, c00perat~e 4uery an5wer1n9, and p0werfu1 
f0rm5 0f a99re9ate c0mput~n5,  ~ the 5~r1t 0f 0LAP ap~at10n~ 
1n ~ew 0f the redu~n t0 pre~c~e ca1cu1u5 ( ee 5ect10n 4), 0ne may a5k the 
4ue5t10n, why n0t u5e ~andard pred~am c~c~u5 f0r the ap~n5 en~5a9ed 
here• 7he f01~w1n9 are 50me 0f the rea50n5 why 0ur appr0ach w0u1d 6e 5uper10r 
t0 0ne 6a5ed 0n f1~0rder edu~n.  (1) A5 we have dem0n~ram~ pr09ramm1n9 
~ 5chemaL09 ~ m0re n~ur~ and much m0re c0nd5e. (2) A5 p01nted 0ut ~ 
5e~n 4, R ~ 1mp0~161e t0 u5e ~a~ pre~c~e c~cu~5 f0r ~mr0pera6111~ n a
5chema pre5erv1n9 manne~ (3) 7he n0t10n 0f d05ure (5e~n 5.1) 15 ~re~ 
captured 1n the 5chemaL09 un~c~n the0ry. 1n a f1~0rder enc0d~9 6a5ed 
appr0ach, d05ure need5 t0 6e captured ~ a r0unda60ut way 6y add~9 ax10m5 0f 
the f0rm ~ca~ ~... ) *-- ca~1(.~ )•, 1 = 2, 3, 4, t0 the reduced Pr09ram. C1eaf1~ th~ 
1ead5 t0 ~eff1dency ~ 4uery eva1uat10n. (4) 5chemaL09 15 much 6e~er e4~pped 
w1th the wherew1th~ f0r devd0~n9 a para~9m capa~e 0f addre5f1n9 the 1nter0p- 
era6H1~ ~5ue5 ar1f1n9 1n MD85 ~ur1n9 m~t~ d~a m0dd5. 
1n th~ f1~t ~ep, we have c0nf1ned 0u~eNe5 t0 1nter0pera6~1~ am0n9 mu1t~1e 
reht~n~ data6a5e~ 1n future we pr0p05e t0 extend ~ ~ a d~e~n w~ch w111 
pr0~de f0r ~r0pera~11~ am0n9 MD85 ~uf1n9 ~5param data m0dd5. We 
have 50me prd1m~ary re5~ 0n ~c0rp0r~9 1he ER, ~erarch1c~, and netw0rk 
m0de~ ~ a 5chemaL09 framew0rL We are ~50 ~mre~ed ~ e~en~n9 the 
current 1mp~ment~n t0 5upp0rt pr09ramm~9 uf1n9 the fu11 5chemaL09 1an- 
9ua9e. 0ur 0n90~9 w0rk addre55e5 the5e and rd~ed ~5ue5. 
APPEND1X A 
A.1. E4ua~ 
F0r ~mp1~1~ 0f exp051t10n, we have 1ea 0pen the ~5ue 0f h0w e4u~1~ 15 t0 6e 
1nterpreted, 1n0ur pre5ent~n 0f m0de1 the0ry and pr00f the0ry. A ~ra~htf0~ 
ward appr0ach 15 t0 •ew e4u~1~ 5emant1ca11~ F0r ~ance ,  ff a Her6rand 
5tructure ~ c0nt~n5 60th the at0m5 d :: r[1: a ~ ~] and d :: r[1: a --, ~2], then we 
can f0rce ~ ~50 t0 c0nta1n the at0m ~1 ~ u2, wh~h 5ay5 the term5 ~ and ~2 
5emant~ den0te the 5ame 1nten~0n. 7he 1dea then 15 t0 c0n~der the 4u0t~nt 
Her6rand 5tructure5 w1th re5pect 0 the c0n9ruence ~.  7he pr00f the0ry can 6e 
c0~e5p0n~n9~ au9mented w1th param0d~n w~1e pre5erv1n9 the 50undne~ 
and c0m~ene55 the0rem~ F409~ [21] f0~0w5 th~ appr0ach. Wh~e there are 
50me advanta9e5 t0 t~5 appr0ach, we ~e1 th~ fr0m a pra~ pe~pe~e 0n 
data6a5e 4uery1n9, ~ 15 m0re n~ur~ t0 v1ew e4u~1~ 5yntact1c~1y. F0r exam~e, ff
we have 60th d :: emp[1:5a1 ~ 50K] and d :: emp[1:5a1 ~ 100K] 1t 15 m0re appr0- 
pr1ate t0 c0ndude 0ur kn0w1ed9e ~ ~c0n5~nt  han t0 re9ard 50K and 100K a5 
~5emant~ e4u~.~ 7he f01~w1n9 def1nk10n 0f e-5at15f1a6111~ f0 rm~e5 the 
n0t10n 0f 5ynta~ e4u~1~. 
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Def1n1t10n A. 1. A the0ry ~Y- ~ e-5at15f1a61e 1f 1t ha5 a m0de1 5uch that d~t1nct 9r0und 
term5 1n the 1an9ua9e 0f ~-are  1nterpreted 6y the m0de1 1nt0 d1fferent 
1ntenf10n5. 
C~0nd~9 t0 the m0dd~he0~t1c pr0per~ 0f ~5at15f1a~11~, we ~0duce  
~5 pr00f - the~ c0u~e~a~--e~0n515~ncy. 
Def1n1t10n A.2  Let A 6e the at0m d6::re1[t: a--*e] and 8 6e d6•::re1•[t•: 
a• ~ e•]. A and 8 are e-am6~a~nt ff there are 9r0und 5u65t1tut10n5 0 and 0• 
5uch that ( d6, re1, t, a )0 ~ ( d6 •, re1•, t •, a• )0 • and e0~e~0~. 
A the0ry ~Y- 15 e~nc0n5~nt  ff there ef1~ e-am6N~ent at0m5 A and 8 (n0t 
nece55af1~ d1~1nct) 5uch that ~-~ A and ~-w 8. ~- 15 e-c0n515tent ff ~- 15 n0t 
e4nc0nf1~ent. 
N0te that a 51n91e at0m c0u1d 6e e-am61va1ent w1th 1t5e1L F0r examp1e, c0n51der 
the the0ry 7= {d::r[1: a ~X]}.  
We next 11ft the 50undne55 and c0mp1etene55 the0rem (7he0rem 5.4) 0f 5ec- 
t10n 5, t0 acc0unt f0r e-5at~f1a61f1ty and e-c0n515tency. 
7h~0~m A.1. A ~e0~ ~Y- ~ e~0n515tent 1ff,Y- ~ e-5at15f1a6~. 
PR00~ (~)~-15  e~0n5~tenL A~ume ~-~ n0t ~f15f1a~e.  7hen there ef15t 
9r0und at0m5 A ~ d :: r[1: a ~ e 1] and 8 ~ d :: r[1: a ~ e2], e~ and e2 are d1~1n~, 
5uch that ~Y-~A and ~-~ 8. C~af1y A and 8 are ~am~v~em.  8y 7he0~m 5.4, 
~A and ~8,  wh1ch 1m~5 ~Y-15 ~c0n515~- -a  c0ntrad~t10n~ 
(~)  ~ 15 ~t15f1a~e.  A~ume ~-15 e4nc0n51~ent. 7he~ ex15t ~am6~ent  
at0m5 A and 8 5uch that ~-~A and ~Y-W 8. Let 0 and 0• 6e 5u6~ut10n5 uch 
that A0 and 80• are 9r0und at0m5 that a9ree 0n a11 the c0mp0nen~ except the 
va1ue c0mp0nem. 8y 7he0~m 5.4, ~-~ A 0 and ~-~ 80•. 1t ~1~w5 that ~- 15 n0t 
~t15f1a6~- -a  c0m~ct10n~ [] 
A.2  Pr00f5 0 f  50me Re5u1t5 
7he0~m ~2 (Her6rand•5 7he0~m).  A ~t  5 0f wff5 ~ c1au5~ f0rm ~ un5at15f1a61e1ff 
eee~ c0mp~ 5emant1c tree 7 f0r 5 ha5 a f1n1te c105~d 5u6tree. 
P~00E 1t ha5 6een 5h0wn 1n 5ect10n 4 th~ there 15 a ~an5f0rm~n fr0m 
5chemaL09 t0 f1r560rder ~Nc 5uch that a 5chemaL09 f0rm~a 0~ N true 1n a 
~ructure M, under vaf ~ 1ff the c0rre5p0nd1n9 f1r5t 0rder f0rm~a enc0d~)  15 
~ue ~ the c0~e5p0nd~9 f1r~ 0rder ~ructure enc0d~M,)  under the vaf ~ 
(7he0rem 4.1). Her6rand•5 the0rem can n0w 6e pr0ved fr0m the a60ve 1e5uR u51n9 
a techn14ue f1m~ar t0 that u5ed f0r pre~cam ca1cu1u5 ~]. 7he ma1n 065e~n 15 
that whenever 5 15 un5at15f1a61e, eve~ 6ranch 0f any c0mNe~ 5emant~ tree 7 0f 
5 mu~ have a N1~re n0de. 5~ce each n0de 0f 7 ha5 a f1n1m num6er 0f ch11dren, 
an apN~n 0f K6N~5 Lemma at 0nce 1mN~5 the e~ence  0f a f1n1te d05ed 
5u6tree 0f 7. 7he deta~5 are 5tra19htf0rward and are 5uppre55ed. [] 
Lemma ~ 4 (L1ft1n9 Lemma). 1f C] and C~ am ~5mnc~ 0f C 1 and C2, re5peCt1ee~, 
and ~ C• ~ a re501eent 0f C~ and C~, ~en ~em ~ a re501eent C 0f C 1 and C 2 5uch 
~at  C• ~ an ~5mnce 0f C. 
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PR00E Var1a6~5 1n C~ and C 2 can 6e renamed 5uch that there are n0 c0mm0n 
var1a61e5 1n them. Let L~ and L• 2 6e the 11tera15 0f C] and C~ (re5pect~e1y) that 
are re50~ed up0n and ~t y 6e the m9u 0f L~ t0 ~ L• 2. Let C• 6e the dau5e 
06ta1ned 6y rem0v1n9 L~y and L•27 ~0m a d1~unct10n 0f C]y and C~y. 7here ~ a 
5u6~Ruf10n 0 5uch that C] = Cx 0 and C~ = C 2 0. Let A~ 6e the m9u f0r the 1~era~, 
5ay {L~ .. . .  , L~} 1n C~, wh~h c0rre5p0nd t0 L~. Let L~ ~ L~A~ ~ --- ~ L~A~. C1eaf1~ 
L~ ~ a 1Rera1 1n the fact0r C~ A~ 0f C~. 1t f0~0w5 fr0m th~ that L~ 15 an 1n~ance 0f 
L 1. 51nCe L~ ~ un1f1a61e t0 ~ L~, L~ 15 un1f1a61e t0 ~ L~. Let ~ 6e the m9U 0f L~ 
t0 ~L  2. 
Let C 6e the d1~unct10n D~ V D 2 where D~ ~ the d1~unct10n 06ta1ned 6y 
rem0v1n9 L~ ~0m (C~A)~, 1= 1,2. Fr0m th1~ R can 6e pr0ved that C 15 a 
re50~ent 0f C1 and C 2. C1ead~ C• 15 an 1n~ance 0f C 51nce C• = E~ V E2, where 
E 1 15 06t~ned 6y rem0v1n9 L•1y ~0m (C~y)~, 1 = 1,2, and A0 ~ ~ m0re 9ener~ 
than 0 0 y. [] 
Lemma ~1. Let 5~ 6e a federat10n 0f dam6a5e5 ( ed6 ~ ~.~ 6e a 5et 0f 5afe ru1e5 1n .2~Q, 
and p 6e any pred1ca~ def1ned 6y ~.  L~ ~(~)  den0~ the cut~ut c0mputed 6y ~ 
0n 1nput .~ and ~t p~)  6e the ~0n c0~e5p0nd1n9 t0 p 1n ~(~) .  7hen there 
ex15~ an expre5510n E 1n 9~ 5uch that E(5~ ) =p~) .  
PR00~ 7here are tw0 m~0r pa~5 t0 th15 pr00~ 1n the f1~t pa~ we need t0 pr0ve 
that each pred~ate def1ned 6y ~ ha5 an e4uN~ent expre5f10n 1n 9~2~. 7he 
5eC0nd pa~ dea~ w1th pr0v1n9 that D0M,  the 5et 0f a11 5ym6015 appear1n9 1n ~ 
and 1n the ED8 re1at10n~ can 6e 9enerated uf1n9 ~ .  
Pan L Pr00f 0f th15 part ~ f1m1hr t0 [55]. 5u690~5 1n ru1e5 1n ~ c0nf1~ 0f 
c0nvenf10n~ (pr09ramm1n9) pred~ate5 a5 we~ a5 5chemaL09 m01ecu~ F0r each 
5u690~ 5~, 1et Q~ 6e the c0rre5p0nd1n9 ~a¢ expre5510~ and ~t the 5chema 0f 
the rdaf10n c0rre5p0nd1n9 t0 Q~ 6e the var1a61e5 appear1n9 1n 5 r 5u690a15 that are 
Pr09ramm1n9 pred1cate5 are hand1ed a5 1n [55]. We 5h0w h0w rdaf10n5 c0tre5p0nd- 
1n9 t0 5u690~5 that are 5chemaL09 m01ecu~5 can 6e der~ed u51n9 ~4~.  7here 
are f0ur ca5e5 t0 c0nf1de~ depend1n9 0n the depth. 
When a 5u690~ 5~ 15 a 5chemaL09 m01ecu1e 0f1 
depth 1: Let ~ 6e X. 7hen Q1 = ~0. ff 51 15 a c0n~ant d, then Qt ~f1mp1y {d}. 
depth2: Let ~ 6e D: :R .  7hen Q~=p(6()). 1f 0ne 0r m0re 0f D,R are 
c0n5tant~ 0r ff D and R are the 5ame vaf1a61~ then 51mp~ m0d1fy Q1 6y 
1mp0f1n9 appr0pr1ate add1t10n~ 5e~10n(~.  
depth3: 1f ~ 15 D::R[A~ . . . . .  A~ then Q1 ~ e55ent1~ the expre5510n 
a(p(6()) )  0-j01ned w1th 1~e1f n-t1me5, ~here 0 15 •$1 = $1 A $2 = 57.1f  50me 
0f the term5 1n 5~ are c0n5tant5 0r repeat1n9 var1a61e5, we can 1mp05e 
appr0pr1ate 5decf10n5 0n Q1. 
depth 4: 1f ~ ~ 0f the f0rm D:: R[A~ ~ V~, A~-* V 2 . . . .  , A~ ~ V,], ~6 then Q~ 
15 ~0utputAr95(~c0nd1t10n5~p .... pn~ p(6()))), where P1 15 an a~r16ute/v~ue p~r  
0f 0ne 0f the f0rm5 • -* •, •a 1 ~ •, • --* ~ ,  •a 1 -~ ~,  depend1n9 0n whether and 
where the p~r  A~ ~, ~ c0nt~n5 c0n5tant5. ~c0~d~t~ c0rre5p0nd5 t0 5e1ect10n 
c0nd1t10n5 captur1n9 the 0ccurrence 0f c0n~an~ and repeat1n9 var1a6~5 1n 
16 A5 d15CU~ed 1n5eCt10n 6.~ the f1d C0mp0nent Can 6e ~n0red 1n 5¢Q. 
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~, and 0utputAr95 15 the 115t ~f ar9ument5 c0rre5p0nd1n9 t0 d1~1n~ var1a61e5 
0ccurr1n9 1n ~. 
N0w, the techn14ue 0f [55] can 6e app1~d t0 06t~n an expre5510n f0r ~.  
Pan 11. Ev~uat1n9 ne9ated 5u690~5 1nv0~e5 9enerat1n9 c0mp1ementary rda- 
t10n5 (~5~. We need t0 pr0ve that 8~%¢ can 9enerate D0M, the 5et 0f a11 
c0naan~ appear1n9 1n .~ and 1n the data6a5e5 1n the federat10n. A5 0ur f1ame- 
w0rk treat5 a~f16ute name5 and re1at10n ame5 a5 f1r5t da55 c1t~en~ the 8~5~ ¢ 
expre5~0n 9enerat1n9 D0M 5h0u1d 1ndude them 1n the d0m~n. 1f C ~ the 5et 0f 
~1 c0n~ant5 appear1n9 1n ,~, D0M 15 expre55ed the f0110w1n9 way. 
D0M=C~ 6() ~ ~(  p (6( ) ) )  ~ ~3(~(p(6( ) ) ) )  ~ ~4(~ ~)(  P (~( ) ) ) ) -  
W1th the5e m0d1f1cat10n~ the pr00f 15 ea511y 06t~ned M0n9 the f1ne5 0f ~5]. [] 
Lemma ~2 Eve~ expre55~n 0f ~ ~ exp~5516~ ~ 5afe -~c. 
PR00F. 7he pm0f 15 an 1ndUCt10n 0n the nUm6~ 0f 0perat0~ ~ the ~¢ 
eXpre5~0n, 5ay E. R ~ Very ~mf1ar t0 the p~0f  0f eXpr~6111ty 0fda5~CM M9e6ra 
eXp~5510n5 1n ~ DRC ([55~. 7he 0~y ~ffe~nCe ~ ~ We have 0ne new 6a~ 
Ca5e (6), and three new 1ndUCt10n Ca5e5 (p, a, 7) t0 6e C0n~dered. 
8a5e ca5e. E = 6(): 7he 5afe ~c f0rmu1a c0rre5p0nd1n9 t0 th15 expre5f10n ~ 
{X [X}. 7he 5afety 0f th15 f0rmu1a f0110w5 f10m the def1n1t10n. 
~c~n.  
Ca5e 1. p(E1): Let E~ 6e e4u~Ment 0 the 5a~ 4uery {D] ~(D~. 7hen E ~ 
e4u~Ment m ~e ~ 4uery {D, R 1 ~(D) A D :: R}. 
Ca5e 2. a(E~): Let the 5a~ 4uery c0~e5p0n~n9 t0 E~ 6e {D, R1 ff(D, R~. E 15 
then e4uNMent 0 the 5a~ 4uery {D, R, A 1 ~(D, R) A D :: R[A~. 
Ca~ 3. ~ ~,~: . ,  . . . . .  ~E~ Let E 1 6e e4~v~em  ~e ~ 5~c 4uery {D, R1 
X(D, R~. 7hen E 15 e4~v~em t0 the 5a~ 4uery, 
{D,R ,A~,~,A2 ,~, . . . ,A , ,~  ] X (0 ,  R) 
~D::R[A~ ~ ~,  A~ ~ ~ . . . . .  A n ~ ~]  ~A 2 =a~ ~ ... ~ = ~}. 
7he 5a~ty 0f the e4u~ent  "~c 4uer1e5 ~ 5tra19htf0rward. [] 
Lemma ~ Eve~ 5afe -~c 4ue~ can 6e expre55ed ~ 5afe .2~Q. 
PR00~ 7h15 pr00f w0rk5 ~0n9 the 1~e5 0f the pr00f 0f expr~6111ty 0f 5a~ DRC 
4uer1e5 1n 5a~, n0n-recu~e d~09 ~5]. 
~ can 6e 5h0wn that ~r  every 5a~ 5( c 4uery {~1 ~(~,  there 15 an e4u~ent  
~a~) -~c 4uery {-~1 ~(X~, wher -  e the ~rm~a ~ 5at15f1e5 ~e f0110w1n9 c0nd1t10n~ 
• $ d0e5 n0t c0nt~n any u5e 0f ~ 
• 1f FxVF 2 h a 5u6f0rmda ~ ~, F 1 nnd F 2 have the ~me 5~ 0f free 
vaf1aN~. 
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• 1f F 1 A ... A F, 15 a max1ma1 c0~un~ 1n 0, then a11 ~ee var1a61e5 1n F/ are 
11m1ted 6y (a) appear1n9 ~ee 1n ~ (j = 1 p0~161y) where F~ 15 n0t a 6u1R-1n 
at0m and 9 n0t a ne9ated f0rmu1~ 0r (6) 6e1n9 e4uated t0 a c0n5tant 0r a 
11m1ted var1a61e (perhap5 thr0u9h a chNn ef e4uN1t1e5L 
• Whenever ~ ha5 a 5u6f0rmu1a ~ ~, ~ ~ 15 part cf a 5u6f0rmu1a ef ~he f0rm 
~1 A "•" A ~ A ~ ~ A ~+~ A .-. A ~,  where at 1ea~ 0ne 0f the ~5 15 n0t 
ne9ated. 
1ndeed, ~ can 6e ~an~ated t0 ~ M90r1thm~N~, a5 d15cu~ed 1n ~5]. Let F 6e 
any 5afe -f¢•c f0rmu1a. 8y the a60ve, we may a55ume w1th0ut 1055 0f 9eneraf1ty that 
F 5at15f1e5 the a60ve c0nd1t10n5. 
Let 6 6e a max1mM c0~un~ 0f 5u6f0rmu1a5 0f F. Let X~ . . . . .  X~ 6e the ~ee 
var1a61e5 1n 6.  We pr0ve that f0r every 5u6f0rmu1a 6,  there 15 a .~  pr09ram that 
def1ne5 a rdaf10n f0r 50me pr09ramm1n9 pred1cate p~(X~ . . . .  , X~), 5uch that 
p~(a~ .. . .  ,a~) ~ true 1ff 6[a~/X~ . . . . .  a~/X~] 15 true. Here 6[a~/X~ . . . . .  a~/X~] 
den0te5 the 9r0und f0rmu1a 06ta1ned 6y 5u6~Rut1n9 a~ f0r X~ 1n 6.  
Let 6 ~ 6~ A .-. A 6~. 7he 6a5e ca5e 15 when k = 1 and 6~ 15 0ne 0f the ~c  
at0m5. We def1ne a pred~ate pa f0r 6 6y p~(X~ . . . . .  X~) ~- 6~ ~ ..• A 6~, where 
X~,..., X, are the ~ee var1a61e5 1n 6.  Fr0m the def1nR10n 0f 5afe ~c~  f0rmu1a5, ~ 
f0110w5 that X1•5 are f1m~ed. 7h15 15 thu5 a 5afe ru~ 1n 5¢Q. 
1nduc~0n. We need t0 c0nf1der three ca5e5--~, v ,  and A. 6 d0e5 n0t c0nta1n V, 
and ~ can 0n~ appear w1th1n c0~unct10n5. 
(~) Let 6 = (~X~)H, where X~ . . . . .  Xk are the ~ee va6a6~5 1n the at0m H. 
7he pred~ate c0rre5p0nd1n9 t0 p~ can 6e def1ned a5 
p~(~ . . . . .  X~ 1, X~+ , . . . . .  X~) ~p, , (X ,  . . . . .  X~). 
(v )  Let 6 = H v 1. 8y the def1n1t10n 0f 5afety, ~ee var1a61e5 0f H and 1 mu5t 
6e the 5ame. 7he pr00f 0f th15 da1m w0u1d 6e 6a5ed 0n the ar9ument that 1f ~¢ ha5 
50me ~ee var1a61e that d0e5 n0t appear 1n H, whenever H 15 ~ue, 1 need n0t 6e 
true, and hence th15 ~ee var1a61e can take 0n any vNue (1n par t1cu~ 0ne that 
d0e5 n0t 6d0n9 t0 D0M) .  Let the ~ee var1a6~5 1n H (and 1) 6e X~,..., X~. 7he 
f0H0w1n9 tw0 ru1e5 can 6e u5ed t0 expre55 6.  
p6( X1, .. ., Xk ) ~- p , (  X,  . . . . .  Xk) 
x ,  . . . . .  ) p , (  . . . . .  ) 
(A)  Let 6 = 61 A .-. A 6~. 7he ru1e f0r 6 can 6e expre~ed a5: p~(X~, . . . ,X~)  
, -  5~ A ..• A 5,, where 5~ 15 the 5u690a1 c0~e5p0nd1n9 t0 6~ (06t~ned 1ndu~Ne1y) 
and X~ .... , X~ are the f1ee var1a61e5 appear1n9 am0n9 the 61•5. [] 
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